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SYNOPSIS 

Mullite ceramic has been extensively used in different 
structural and electrical applications due to its high melting 
point, low thermal expansion coefficient, high creep resistance, 
chemical inertness, enhanced flexural strength at high temperature 
and good dielectric constant. In the present investigation, 
mullite was therefore selected as a matrix material to utilize 
these good structural properties. Incorporation of second phase, 
mainly Zr 02 , was made to improve the relatively low fracture 
toughness of mullite alongwith mechanical properties. 

Mullite-ZrO^ composites can be prepared through different 
routes, namely sol-gel; reaction sintering; premix milling, 
compaction and sintering. In the present study, composites were 
prepared by the process of premix milling/compaction/sintering 
route, due to its low capital investment for the production of 
technical grade materials. Two different types of easily 
available mullite powders namely fused (MC) and sol-gel (MP-20 & 
MP-40) have been selected. Again in the sol-gel mullites, two 
different stoichiometries K\^0^/Si.O^ = 1.5 (MP-20) and 1.51 
(MP-40) ] were considered to study relative compositional 
fluctuation in mullite matrix. ZrO^ powders were also used in its 
straight and MgO/MgO-Y202 modified forms. Reaction sintering of 
zircon and AI 2 O 2 , so as to obtain mullite-Zr 02 composites, was 
also studied to have a comparative study of these composites with 
mechanically milled mullite-Zr 02 ones. 
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Mullite powders with 0 to 25 vol% ZrO^ and its modified 
versions were separately wet ball milled for 3 hours. Rectangular 
pellets of the premixed powders, measuring 25 mm x 8 mm x 2.5 mm 
were compacted in a uniaxial hydraulic press at a pressure ranging 
from 300-350 MPa in order to impart sufficient green strength. 
These compacts (>55% relative density) were sintered in a super 
kanthal resistance heated muffle furnace at 1650°C and 1700°C for 
1 hour in ambient atmosphere. The sintered densities were 
measured with the help of a mercury densometer. 

Transverse rupture strength (TRS) of the as sintered samples 
were measured under three point bending load. Fracture toughness 
(Kj^) was measured according to single edge-notch bend (SENB) 
method. Three main aspects of SEM studies namely (i) 
microstructure, (ii) EDX dot mappings of zirconium and (iii) 
fractography were covered. X-ray diffractometry was used for 
estimating the fractional tetragonal and monoclinic ZrO^ present 
in the as sintered samples. Dielectric constant (k') values were 
measured at one MHz frequency. Thermal shock resistance was 
measured by quenching the heated specimens in a water bath kept at 
room temperature. 

Lowest sintered porosity (5%) was observed for MP-40 
(sol-gel) mullite, sintered at 1700®C, while MC mullite (fused) 
showed highest sintered porosity (26%) at either sintering 
temperatures. TRS and values increased with the increase in 
sintering temperature. These values were highest for MP-20 
mullite. Microstructure of fused mullite consisted of elongated 
matrix grains, whereas sol-gel mullites showed equiaxed grains. 
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The fracture mode was intergrannular in nature for all 
compositions. Dielectric constant values increased with the 
increase in sintering temperature. High containing mullite 
showed higher thermal shock resistance than lower AI 2 O 2 containing 
ones. 

Full reaction sintering of mullite-Zr02 composites occurred 
at 1700°C with 8% total sintered porosity so as to give a 
composition of mullite - 25 vol% ZrO^. The sintered properties of 
this particular composite increased with the increase in sintering 
temperature with the exception for which remained same at 
either sintering temperatures. However, the sintered properties 
of sol-gel mullite based composites, containing equivalent vol% 
Zr 02 , were higher than the reaction sintered ones. 

Densification of MC mullite based composites increased with 
the increase in vol% additives and sintering temperature. The 
increased densification was in the order of ZrO — > ZrO- - MgO 
— > Zr02“Mg0-Y202 additives in the composites. However, this 
trend was not observed for MP-20 mullite based composites. 
Densification for sol-gel mullite based composites remained almost 
same with the increase in vol% additives, whereas a decreasing 
trend was observed for MP-40 mullite based ones, sintered at 
1700°C. 

TRS of MC mullite based composites increased marginally with 
the increase in vol% additive and sintering temperature. However, 
sol-gel mullite based composites, showed maxima at particular 
vol% additive, with exception for MP-40 mullite composites 
sintered at 1650°C where TRS continuously increased with the 
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increase in vol% additive. of all the composites showed an 
increasing trend with the increase in vol% additives irrespective 
of the type of mullite powders. MP -20 mullite based composites 
showed highest mechanical properties. 

Fracture mode of mullite-ZrO^ composites were mainly 
intergrannular in nature. Microstructure consisted of elongated 
(for MC based composites) or equiaxed mullite grains (for sol-gel 
based ones) with homogeneously distributed Zr 02 particles. The 
Zr02 particle size increased with the increase in vol% additives. 
Matrix grain size increased with the increase in sintering 
temperature . 

Fractional tetragonal Zr 02 values deceased with the increase 
in vol% additive and sintering temperature. Retention of this 
phase increased in the order of Zr02 — > ^ 
Zr02-Mg0-Y202 additives in the composites. 

Dielectric constant values increased with the increase in 
vol% additive and sintering temperature. Different types of 
mullites and Zr02 powders showed very little effect on thermal 
shock resistance which increased with the increase in sintering 
temperature . 

Mullite and its composites were found to sinter mainly 
through solid-state sintering. However, small amount of 
extraneous liquid phase due to the presence of oxide impurities 
led to the enhanced sinterability of the composites. This 
extraneous liquid phase promoted the formation of elongated 
mullite grains which was predominant in MC mullite based 
composites. 
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Stress induced transformation toughening appeared to be the 
main strengthening mechanisms for these composites apart from the 
dispersion strengthening effect. ZrO^ particle coarsening led to 
the decrease in TRS values. However, microcrack toughening was 
mainly responsible for the increased values with the increase 
in vol% additive. Formation of mullite-Zr02 solid-solution at the 
grain boundaries was proposed to contribute to the K^- values. 
Larger mullite grain size and higher sintered porosity led to the 
lower values of mechanical properties for MC mullite based 
composites than the sol-gel mullite based ones. 

Dielectric constant (k' ) of mullite and its composites showed 
a direct relation with the sintered density, such that an increase 
in sintered density led to the increased dielectric constant 
values. As a result MC mullite based composites exhibited lower 
k' values than sol-gel based ones. 



CHAPTER I 

LITERATURE REVIEW 

I . 1 INTRODUCTION 

Mullite is an alumino-silicate material extensively used in 
the traditional refractory applications. It is the only stable 
crystalline phase in the Al202-Si02 system under normal 
atmospheric pressure. It has a chemical composition range from 
3 Al 202 - 2 Si 02 to approximately 2Al202.Si02 and crystallizes in the 
orthorhombic system, most commonly in the form of elongated needle 
shaped crystals, the exception being when it is sintered in the 
absence of a liquid phase. Mullite is one of the most common 
phases found in industrial ceramic products. However, it is rare 
in nature, the most important place of occurrence being the Isle 
of Mull, Scotland. Synthetic mullite with controlled 
microstructure and properties is extensively used in various 
structural and electrical applications because of its high melting 
point, low thermal expansion, creep resistance, chemical 
inertness, slightly increased flexural strength at high 
temperature and good dielectric properties. 

Mullite is a brittle material and possesses low fracture 
toughness. Further improvement in the mechanical properties can 
be however achieved by developing mullite based composites. The 
major advantage in composites is that their properties can be 
specifically engineered via microstructural modifications. To a 
large extent, the type, size, shape, volume fraction, distribution 
and interfacial characteristics of the matrix and other phases 
dictate the microstructure and properties of the composites. A 




i-ho Tnniii+-ia mill Title luatrix coitiDosites has 



been made in the following sections. 
1.2 MULLITE 
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1.2.1 Preparation 

Considerable efforts have been directed towards the 
preparation of high purity mullite ( 3 AI 2 O 2 . 2 Si 02 ) for its 
potential use in different structural and electrical applications. 
The major preparation methods are through precipitation of 
alkoxide, wet chemical mixing, sol-gel route and reaction 

sintering/reaction bonding routes. 

Alkoxide Method : 

The synthesis of mixed alkoxide (aluminium tris isopropoxide 
and silicon tetrakis isopropoxide) was reported by Mazdiyasni and 
Brown [ 1 ] . Aluminium isopropoxide was prepared by the process 

reported by Adkins [2]. A1 foil of 99.999+% purity was reacted 

. . . -4 

with excess isopropyl alcohol using a small amount of HgCl^ (10 

mol/mol of metal) as a catalyst as per following reaction: 

Hgcl_ * /K 

A1 + 3C_H_0H ^ A1 (0C_H_)_ + ^ H_ 

3 7 Q2°C ^ ^ 22' 

Silicon tetrakis isopropoxide was prepared by the methods of 

Bradley et al. [3] according to following reaction: 

Sicl. + 4C-H_0H > si ( 0 C_H„) . + 4HC1 T 

4 3 7 3^.^ ' 3 7'4 I 

The hydroxyl aluminosilicate was prepared by slowly adding 

stoichiometric mixed alkoxides solution to ammoniated triply 

distilled deionized water according to the reaction: 

H„0+NH 

6A1 (OC^H^)^ + 2Si (OC^H^)^ + XH 2 O — = ^ 

3Al2Si(OH) ^2 .XH 2 O + 26 C^H^OH 

The resulting hydroxyl aluminosilicate was repeatedly washed and 
dried at 60°C in vacuum to get mullite, according to the following 
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2Al_Si(0H)-_ - ) 3A1_0„ .2SiO- + 13H^O 

^ 60°C ^ ^ 22 

The as prepared oxide was found to be amorphous and had a 

2 

surface area of =» 550 m /g ± 10%. They showed very fine needle 
like crystallites. On calcination at 600°C surface area of the 
particles reduced to 280 m /g ±10%, which was attributed to 
nucleation and growth of the finer particles to larger networks of 
needlelike crystallites. This retention of needlelike morphology 
at higher temperatures, in absence of liquid phase, was reported 
to be contrary to the findings of other investigators [4,5]. DTA 
observation showed no endothermic or exothermic reactions from 
room temperature to 1200°C, other than dehydration peak occurring 
from 50 to 200°C. The authors [[1] reported this phenomenon as 
the clear evidence of formation of mullite at the time of 
preparation, as evidenced by the needlelike morphology of the as 
prepared powders. After X-ray studies the material was found to 
be amorphous upto 435°C. At temperatures greater than 435°C, it 
was gradually transformed to crystalline phase. However, the 
orthorhombic peaks of mullite appeared at 1185°C to 1200°C. 

Suzuki et al. [40] reported the formation of Al, Si-spinel at 
900°C and subsequently to the spinel-to-mullite only above 1200*^0. 
The specific surface area of their mullite powder was in the range 
of 147-466 m /g when calcinated at 800 -1100“c for 12 hours. Other 
workers following a similar processing method reported 980°C [41, 
43], and 900°C [42] as the mullitization temperatures. Somiya et 
al. [44] prepared mullite by hydrothermal treatment through 
alkoxide route. They reported mullite particles of needle like to 
accicular in shape of 0.1 to 0.5 iim in size. 
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Consecutive Precipitation Method: 

This preparation [4,6] consisted of hydrolization of 
tetraethyl silicate in the presence of AlCOH)^* The Al( 0 H )2 was 
prepared from AlCl^ in presence of NH^OH according to the 
reactions: 

AlCl^ + 3NH^0H > AlCOH)^ + 3NH^C1 

Si (0C2H5)^ + 4 H 2 O >Si(OH)^ + 4C2HgOH 

The precipitate was filtered and dried and mullite was obtained 
after calcining. 

Since the hydrolysis of tetraethyl silicate was a slow 
process the authors [4,6] reported a very intimate mixing of 
hydrated Si 02 and A 1202 . The X-ray crystallography showed that 
after calcination at 1000°C or 1100°C there was virtually no 
crystalline pattern visible, but at 1200°C the pattern was that of 
crystalline mullite with no evidence of the intermediate formation 
of crystalline AI 2 O 2 or Si 02 . 

Wet Chemical Methods: 

Various wet chemical methods [7-10] are reported in the 
literature. The precursor materials were also varied in wide 
extent. Reynen and Faizullah [7] used three types of Si 02 
precursors namely finely milled quartz, silicic acid obtained by 
leaching of silicates and silicic acid obtained by hydrolysis of 
ethyl silicate. The AI 2 O 2 - precursors were gibbsite [AlCOH)^]/ 
Al 2 (SO ^)2 and AlCl^. The authors [7] reported results carried out 
by small scale laboratory method or large scale spray drying/spray 
roasting methods. In laboratory method the salt solutions or 
suspensions were dispersed in kerosine with a high boiling point 
emulsifying agent. It was then flash dried and subsequently the 
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powder was dried in sand bath followed by calcination at 1300"c. 

In spray-drying, mixtures of aluminium sulphate and 
stabilized suspensions of silicic acid in the ratio corresponding 
to 3:2 mullite were mixed and subsequently thermally decomposed at 
1000°C. The spray drying and thermal decomposition were 
simultaneously carried out during spray roasting. But in this 
case AlCl^ was used instead of Al 2 (SO ^)2 as Al^O^ precursor. The 

aforesaid wet chemical methods gave mullite with a surface area 

. 2 

ranging from 2.23 to 22.95 m /g depending upon the precursor 
materials used. The powders also had a wide range of impurities 
like Fe^O^, TiO^, MgO, Na^O, K 2 O, Cr^O^ and SO^ . 

Sacks and Pask [8] prepared mullite from a-Al202 and silica 
flour (a-quartz) which had purities of “99.8% and “ 99.6% 
respectively. They studied compositions ranging from 60 - 90 wt% 
AI 2 O 2 , which were mixed and deagglomerated by wet milling. The 

mixtures were stir dried and calcined at 1700*^0 to get mullite. 

2 

The surface area obtained after such a method was 1.9 to 1.7 m /g 
for 60 to 75% AI 2 O 2 content. The phases obtained after calcining 
were mullite, aluminium silicate glass and alumina, depending upon 
the compositions studied. 

Moya et al. [9] and Rincon and Thomas [10] prepared mullite 
from halloysite rock from Chihuahua (Mexico) . The starting 
material was crushed and ground to a particle size of <60 (im and 
thermally treated at temperatures between 900 - 1000°C followed by 
treatment with aqueous dilute NaOH solution. Later on it was 
washed with water and calcined at 1000 - 1570‘’c. The sample 
prepared by this route gave exothermic peak at - 980“c which was 
attributed to the formation of premull ite with the same chemical 
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composition of 3:2 mullite but a different tetrahedral / 
octahedral aluminium ratio and low crystallinity. The result also 
gave an exothermic peak at ~ 1250°C due to the abrupt ordering of 
premullite structure. This ordering was also reported at a 
temperature just slightly above 980°C exotherm but after a very 
long soaking period. 

Mullites were also prepared by wet chemical methods from 
different raw materials like bauxite and fine Si02 [45], aqueous 
aluminium sulphate and fumed silica [46], and aqueous alumino 
silicate solutions [47, 48]. 

Sol -Gel Method: 

Sacks and Pask [11] and Ismail et al . [5,12,13] prepared 

mullite by sol-gel method from the starting material of ■ar-Al 202 

. . • 2 2 
and colloidal S 1 O 2 which had surface areas of 68 m /g and 130 m /g 

respectively. The r-Al202 was hydrolized at a temperature greater 

than 90°C and was peptized with HNO^ . The colloidal Si02 was also 

dispersed in water and mixed with peptized to form mullite 

sol, which was followed by gellation by the evaporation of excess 

water at a controlled pH. The as prepared mullite gel had a BET 

surface area of 277 m /g with an average particle size of 7 nm. 

On calcination at 1400°C the surface area of mullite was reduced 

to 1.7 SSL /g. The DTA heating curve showed endotherms at 96°C and 

420°C representing the loss of moisture from gel and dehydration 

of bohemite to form the spinel phase (y-Al202) respectively. The 

exotherm at 1296°C was attributed to the complete crystallization 

of mullite. 

Sol-gel mullite were prepared by different investigators 
[49-56] from different AI 2 O 2 and Si02 precursors as described 
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earlier. One interesting Sol-gel processing as described by 
Komarneni et al. [49] was preparation of mullite from diphasic gel 
which was nothing but a seeded gel. 

Reaction Sintering/Reaction Bonding Method 

Boch and Chartier [57] prepared mullite through the reaction 
sintering of AI 2 O 2 and Si 02 according to the following reaction : 

3 AI 2 O 2 + 2Si02 > ( 3Al2O2.2Si02) 

Reaction bonding technique was adopted to prepare mullite from Al, 
Sic and AI 2 O 2 by Wu and Claussen [58]. In this method green 
compacts consisting of mechanically alloyed Al, SiC and AI 2 O 2 were 
heat treated in two steps. During the first hold at 1200®C, Al 
and Sic were oxidized to form AI 2 O 2 and Si02. On further heating, 
mullite was formed which then got sintered during the second hold 
at 1550®C. 

1.2.2 Sintering 

Depending upon the process parameters and powder 
characteristics, different types of sintering kinetics and 
different final densities are reported in the literature. 
Mazdiyasni el al.[l,14] got 99.995% theoretical density (3.18 to 
3.19 gm/cc) from the alkoxy derived powder. The powder was 
calcined at 600°C for 1 hr and ground to effect comminution of the 
large agglomerates followed by vacuum uniaxially hot pressing at 5 
kpsi at 1400 to 1600“c for 15 to 3 0 minutes. The specimen they 
got was transluscent . 

Suzuki et al. [40] reported low density (94% Th.) product 
from the powder calcined below crystallization temperature. 
Calcination above the crystallization temperature resulted high 
density product. But full density was achieved only after hot 
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pressing above 1600°C. The sintered product was translucent. 
Hitachi et al. [43] reported higher density (> 99% Th.) for higher 
Si02 composition (69% Al^O^ ) than lower Si02 composition (79% 
Al^O^) where sintered density was 98% Th. after sintering at 
1650®C for 4 hours. Somiya et al. [44] reported 98% Th. density 
after hot pressing at 1600°C under 40 MPa pressure for 30 min. 

Mullite prepared by wet chemical method [7] gave a wide range 
of final density (2.18-2.99 gm/cc sintered at 1700°C ). Classical 
mixing of raw materials such as [quartz + A 1 ( 0 H) 2 ], exhibited a 
poor mullitization and low densif ication (2.30 gm/cc at 1700°c) . 
The water soluble alumina precursors gave excellent results as 
compared to insoluble Al(0H)2- The insoluble A1(0H)2 caused 
demixing resulting into secondary phase formation. *^2®^4 
silicic acid from vermicullite contains upto 3.8 wt% unwashed SO^. 

3 

This is found to decrease densities from 2.99 to 2.18 gm/cm due 
to swelling effect of its gasification when heated beyond 1500°C 
to 1700°C. Iron oxide and alkali impurities had several 
detrimental effects on the final products. These also showed a 
tendency to "demull it ization" at higher temperatures. 

Pask et al. [8] studied densif ication mechanism over a range 
of chemical compositions. A high densif ication rate was observed 
in compositions containing large amount of liquid phase possibly 
due to extensive particle rearrangement during sintering. The 
same effect was absent in the high alumina composition ranges. 
They observed, however, persistent glassy phase upto 74 wt% AI 2 O 2 
presumably because of metastable behaviour caused by the lowering 
of mullite-mullite interfacial energies. A sharp decrease in 
densif ication rate was observed on transition from the mullite 
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solid solution range to the mullite and alumina phase region which 
was associated with elimination of the residual glassy phase. The 
time dependence of densification for mullite compositions in the 
range of 73 to 75 wt% ^12©^ followed a semi-logarithmic relation 
between percent theoretical density and time. From this relation 
it was predicted that the apparent primary densification mechanism 
was grain boundary transport or diffusion, whose rate was 
significantly dependent on the presence or absence of the glassy 
film. The maximum density achieved in this process was 93-95% of 
the theoretical at 1730°C. 

Mullite, prepared by Rincon and Thomas [10] from halloysite 
rocks, was deagglomerated by attrition milling in isopropyl 
alcohol media and subsequently iso-pressed at 200 MPa. After 
sintering at I570'’c for 2.5 hrs, the mullite attained 98% of the 
theoretical density. 

Nan and Xitang [45] reported enhanced densification for the 
mullite prepared from refined bauxite and SiO^. The densification 
was greater than that for mullite prepared from AlCOH)^ and Si 02 . 
They reported a sintered density of 2.96 gm/cm^ after 1650°C 
sintering for 3 hrs. Mizuno [46] reported 99.7% sintered density 
after hot pressing at a 157 5°C. 

Ismail et al. [5] reported that mullite prepared by sol-gel 


method sintered 

quickly to 

the 

theoretical 

density 

for 

compositions which 

contained 

higher 

Si02. The 

authors' 

[5] 


observation was same as reported by Reynen and Faizullah [7]. 
Isostatically pressed (200 MPa) green compacts of mullite 
containing 68% Al^O^ reached full density after sintering at 
1600°C. On the other hand, the compacts containing 72% Al202were 
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sintered to > 99% theoretical density at 1650°C for 1.5 hrs. The 
authors [5] also observed that sintered density increased with 
increasing temperature upto 1650°C and decreased slightly at 
1700°C due to the formation of pores with exaggerated grain 
growth. Sacks and Pask [11] got 97.5% theoretical density at 
1700°C for the stoichiometric mullite gel. They reported three 
stages of sintering based on geometrical changes during sintering. 

Komarneni and Roy [49] reported that the dens ificat ion of 
mullite prepared from diaphasic gels had greater densif ication 
than the mullite prepared from ordinary gel. They got 95.9-96.8%. 
theoretical density after sintering at 1400°C for 3 hrs. This 
enhanced densif ication was due to the heat of reaction during 
sintering of diaphasic gel which was compositionally heterogeneous 
on a nanometer scale. Ismail and Nakai [51] reported 99.1% 
theoretical density after sintering at 1640°C for 1.5 hours for 
the mullite containing 70 % A1202. The higher AI 2 O 2 content had a 
reverse effect on densif ication. 

Boch et al. [57] reported that the densif ication kinetics of 
reaction sintered mullite were sensitive to Al 202 ;Si 02 ratio. 
Below about 1350°C, the shrinkage rate was higher for the 
silica-rich mixtures, which could be due to the densif ication of 
the silica zones (viscous flow ) . Above 1350°C, the shrinkage 
rate was maximum for the 3/2 stoichiometric mullite and minimum 
for the 75% AI 2 O 2 composition. The final density was also 
sensitive to the AI 2 O 2 : Si02 ratio. The highest density, 
observed in 3/2 mullite, was 97% of the theoretical after 1600°C, 
10 hours sintering. Wu and Claussen [58] reported 91 to 98% of 
the theoretical density in mullite sintered at 1550°C for 6 hours 
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prepared through reaction bonding route. They also reported a 
zero dimensional change during sintering. 

1.2.3 Microstructure and Properties 

Electron microprobe analysis of the vacuum hot pressed alkoxy 
derived mullite prepared by Mazdiyasni and Brown [1] indicated a 
homogeneous dispersion of Si02 in the AI 2 O 2 matrix. The unique 
microstructural features of a typical thermally etched body 
prepared by this technique had interlocking needlelike, accicular, 
and polygonal grains arranged in an overall 'jigsaw' mosaic-type 
fine grained microstructure. This microstructure was reported to 
be contrary to the observations of other workers [4,5] who 
observed such type of structure only in the presence of liquid 
phase. The alkoxy derived mullite materials appeared to be a 
composite of a crystalline phase in a matrix of a different, 
perhaps, glassy phase. Thorough examination of the sample by 
X-ray diffraction and electron microprobe indicated only mullite 
present in the structure. 

The alkoxy derived mullite [l] had an average thermal 
expansion of 5.6 x 10~^ in/ in from 25°C to 1500’’c. The exact 
cause of observed nonlinearity in thermal expansion around 1200°C 
is not known. However small hysteresis observed during cooling 
indicates only small structural change. The vacuum hot pressed 
sample also showed a very good thermal shock resistance during 
repeated quenching in cold water from heating at 12 00°C for 15 
minutes. This excellent thermal shock resistance of the sample 
was attributed to needlelike interlocking 'jigsaw' grain 
structure. The experimental Young's modulus of the above, 
measured by spherical resonance technique, was 32.0x10^ psi (221 
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GPa) for the sample of 3.15 - 3.16 gm/cc bulk density. The room 
temperature flexural strength determined in 4 point bending was 
ISxlO"^ (269 MPa)psi with compression strength exceeding 35x10^ psi 
(2415 MPa) . These results were in excellent agreement with those 
of other workers [15]. 

Creep resistance of the alkoxy derived mullite in compression 
at 1400°C as reported by Lessing et al. [16] was said to be good. 
It had a stress exponent of == 1 which gave a strong indication of 
a creep process controlled by diffusion either through grain 
boundary diffusion or through bulk diffusion. Pask et al. [17] 
also suggested that such a creep was controlled by diffusion 
associated with grain boundary sliding. The creep studies by 
Lessing et al. gave an activation energy of “ 164± 9 kcal/mol, 
which is very close to the value of 170 kcal/mol reported by Pask 
et al. [17]. These values also agreed well with the lattice 
diffusion of mullite (“ 168 kcal/mol) . The strain rate, measured 
from 1350°C to 1450°C, decreased slightly when a specimen was 
tested at 14 50°C and then returned to 1400°C. This discrepancy 
was reported due to small change in grain size during the test. 
Initial and final grain size of 4.5 and 5.7 iim respectively were 
measured by linear intercept technique. The creep rate was 
compared with that of pure AI 2 O 2 at an equivalent grain size. The 
creep rate at 1450°C of such dense mullite was « 1 order of 

magnitude less than that of pure (99.995%) AI 2 O 2 . However at 
higher temperatures, this difference decreased as a result of 
decrease of difference in creep activation energies (E^ 130 

kcal/mol for Al^O^ and 164 kcal/mol for mullite) for these two 
The forgoing data indicated that alkoxy derived 


materials. 
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mullite was significantly more creep resistant than AI 2 O 2 from 
1350°C to near the melting point of mullite. Also the compressive 
fracture stress at 1400°C appeared to exceed all reported values 
for polycrystalline oxide bodies. 

Mah and Mazdiyasni [14] investigated the mechanical 
properties of alkoxy derived mullite. Using 4-point loading they 
found the room temperature flexural strength of 128 MPa, which 
increased with increasing temperature i.e. to 140 MPa at 1400'*C 
and 145 MPa at 1500°C. Through the optical micrographic 
observations they found that crack initiated beneath the surface 
near the small grained porosity nests and showed a substantial 
slow crack growth (intergranular) before the specimen failed 
catastrophically (transgranular fracture) . It was reported that 
below the slow crack growth temperature regime the material failed 
elastically in a transgranular brittle fashion and both the 
fracture stress and fracture toughness were temperature 
independent. Above the temperature regime of slow crack growth, 
the authors [14] observed two opposing phenomena: (i) plastic 
deformation by grain boundary sliding and microcracking due to the 
presence of a viscous grain boundary glassy phase and (ii) 
reduction of crack-tip stress intensity in the plastic zone by 
energy dissipation through plastic relaxation occuring in the 
viscous grain boundary glassy phase. Both these phenomena were 
strongly dependent on the viscosity of the grain boundary glassy 
phase at the testing temperatures. From the TEM analysis the 
presence of small amount of glassy phase was clearly observed at 
the multiple grain junctions or at the grain boundaries. 

The fracture toughness, of mullite was calculated by Mah 
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and Mazdiyasni [14] using fracture initiating flaws measured 
through SEM fractography. The equation used for the calculation 
was 

(1.68/Y) 

where the flaw area. A, was measured from the SEM fractographs; 
was the fracture strength, Y ^ 2 for the surface flaw; Y “ 1.8 for 
subsurface flaws. measured in this fashion agreed with the 

values obtained by indentation surface-flaw technique. The 
reported values were 1.8 to 3.3 MPa.m^'^^ in the temperature regime 
of 25-1500°C. The increase in indentation fracture stress and 
with increasing temperature above the slow crack growth regime was 
also explained in the same way as before. 

Suzuki et al. [40] reported that pressureless sintering of 
alkoxy derived mullite showed pore agglomeration but hot pressing 
gave fully dense transluscent body leading to higher flexural 
strength (cr^) . 1700°C sintered sample showed cr^ 140 MPa after 

pressureless sintering, whereas after hot pressing it was 210 MPa. 
Granulation followed by pressureless sintering showed higher cr^ 
(180 MPa) values than the samples without granulation. Mazdiyasni 
[59] reported interlocking needlelike, accicular and polygonal 
grain depending on both the composition of the powder and firing 
schedule of mullite derived through alkoxide route. There was no 
intergranular porosity in the TEM microstructure of average grain 
size of 1 jum. 

Perry [4] reported that the microstructure of mullite, 
prepared by consecutive precipitation method, was of fine 
needlelike and interlocking in nature. But, with the decrease of 
SiO^ content the structure transformed to uniaxial. He observed 
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~5nni uniaxial grains for 23.3% Si02 and ~ 10um/3(j.m small needles 
for 27% Si02- In between the structure was mixed in nature. The 
observation was almost same as observed by Metcalfe and Sant [6]. 
But they observed ~ lOum equiaxed grains for lowest Si02 content 
mullite. 

The dielectric premittivity of commercial mullite (95% TD) as 

reported by Perry [4] was found to be 6.7, at 9.4 GHz, with a loss 

tangent of ~0.002 and temperature coefficient of permittivity (4,^) 
^£1 — *1 

of "+125x10 K . from room temperature to 400°C. For synthetic 

mullite, however, permittivity was 6.5 with improved loss tangent 

— ^ —.1 

and M,j,= ~70xl0 K . The author [4] also observed a linear 

relationship between density and dielectric permittivity (e) . 
From the plot of density vs c, he found e = 7.0 for 100% dense 
mullite. Metcalfe and sant [6] reported the dielectric 

permittivity of 6.6 with an average +50 x IO^^k”^ at the same 

conditions. Mullite prepared by this route [6] showed the values 
of Young's modulus, E = 160-220 GPa for 12 to 0.3% porosity and 
flexural strength, cr^ = 117 MPa for 95% TD and cr^= 152 MPa for 98% 
TD in 3 - point loading. 

Mullite prepared by wet chemical methods [7] had interlocked 
prismatic and tabular crystals. But if the raw materials were 
mixed by classical mixing methods, they gave agglomerates of 
mullite crystals embedded in a glassy matrix. It was reported that 
mullite prepared by any wet chemical method [8-10] showed a small 
amount of liquid phase at the triple point. Ultimate engineering 
stress of the mullite prepared from a-Al202 (71.8-75% wt%) and 
Si02 flour was 620-815 MPa at 1200°C. For mullite containing 71.8 
and 74% AI 2 O 2 respectively these values were 2 50 and 610 MPa at 



16 


1400°C. However, mullite prepared from halloysite rock [9,10] had 
flexural stress of 250 MPa with fracture toughness of 2.1 MPa.m^'^^ 
for 98% TD. 

Mizuno [46] reported of 345 - 364 MPa for the hot pressed 
mullite prepared from aqueous aluminium sulphate and fumed silica. 
The strength was also high (283-332 MPa) at 1350°C. But above 
1350°C cr^ decreased due to the presence of glassy phase. 

Microstructure of mullite prepared by sol-gel method 
[5,11-13] showed a typical microstructure with elongated grains at 
higher silica content. But it gradually transformed towards 
equiaxed with the increase in AI 2 O 2 content. This observation was 
same as that of mullite prepared by consecutive precipitation 
method [6]. The average grain size for equiaxed, stoichiometric 
mullite was 2 /im. However for higher AI 2 O 2 content (76 wt%) it 
was 10 jLim. At the triple point a very small amount of glassy 
phase of mullite composition was observed. Ismail et al [5] 
reported that equiaxed grain had no secondary phase at the triple 
point. Mullite having s 72% AI 2 O 2 had no glassy phase at the 
triple point. These workers [13], however, found a small amount of 
glassy phase at the triple point of stoichiometric mullite. 

The room temperature flexural strength of stoichiometric 
sol-gel mullite [5,12,13] was 405±18 MPa, which decreased to 
350+27 MPa at 1300°C due to exaggerated grain growth. However in 
the case of high silica (32% Si02) composition, the room 
temperature flexural strength (350 MPa) increased to 380 MPa at 
1200°C. This increase in strength was attributed to the formation 
of viscous glassy phase along the grain boundary leading to 
reduction in the creep propagation rate. The low silica (24% 
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SiO^) content mullite showed the same trend as that of 
stoichiometric mullite. It's room temperature value (380 MPa) 
decreased to ~280 MPa at 1200°C due to the same reason. Other 
mechanical properties of stoichiometric mullite were reported as 
follows: 

Fracture toughness, =2.73 MPa.m^'^^ 

Vickers hardness, Hv = 11.96 GPa 

Young's Modulus, E = 246 MPa 

The dielectric constant of sol-gel mullite [5] showed a 
direct effect on composition. The presence of glassy phase and 
pores lowered the dielectric constant. The reported values were 
7.38, 7.63 and 7.68 for 68%, 72% and 76% ^12^3 content 
respectively . 

Ruling and Messing [50] reported that there was no grain 
boundary phase formation in homogeneous gel -derived mullite. 
However, amorphous grain boundary phase formation was present in 
heterogeneous gel-derived mullite. Ismail et al. [51] reported 
that stoichiometric mullite (72% Al^O^) had highest flexural 
strength of 400 MPa at room temperature. With the increase in 
Al^O^ content high temperature flexural strength decreased. The 
dielectric constant (7.63) was nearly constant within the solid 
solution limit. Hynes et al. [54] observed that mullite derived 
through sol-gel route had a stress exponent of 1.2 to 1.6 (68-73 
wt% AI 2 O 2 ) with the activation energies ranging from 742 to 819 
kJ/mol tested under 100 MPa at 1724K. They observed that creep of 
high Si 02 mullite (68% AI 2 O 2 ) was consistent with rate control by 
the viscous flow of the glass. The creep behaviour of completely 
crystalline aluminosilicate was consistent with rate control by 
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diffusion creep. 

Mullite prepared from refined bauxite and SiO^ [57] through 
reaction sintering route showed equiaxed mullite grains for 3/2 
mullite. For 75% AI 2 O 2 , it consists of a mixture of small 
equiaxed grains (5 iim) with large elongated grains (7 by 30 4 m) . 
The Al 202 iSi 02 ratio also affected the mechanical properties. The 
Si 02 rich material (68% AI 2 O 2 ) exhibited the best mechanical 
properties. Its flexural strength (cr^) at room temperature was 
210 MPa which continuously increase to greater than 450 MPa at 
1200°C. However, for higher AI 2 O 2 content (a 71.8%) mullite 
showed decreasing trend of cr^ after 600°C. Reaction-bonded 
mullite [58] exhibited high fracture toughness of 290 MPa at a 
density of 97% of the theoretical. 

1.3. MULLITE-Zr02 COMPOSITES 
1.3.1 Preparation 

As already described earlier Mullite has relatively low 
fracture toughness. Further improvements in mechanical behaviour 
of mullite has been achieved by developing mullite-Zr 02 
composites. The preparation processes are Reaction Sintering, 
Sintering of Mullite/Premullite with Zr 02 , Hot Pressing of glass 
powder and Sol-gel method. 

In reaction sintering process, [18-23] mixtures of zircon and 
alumina were attrition-milled followed by drying at 110°C or spray 
drying at selected temperatures. The resulting powders were 
isostatically pressed and sintered in air at greater than 1500°C 
or hot pressed to get the mullite-zirconia composite according to 
the following reaction: 

2ZrSiO. + 3A1_0. > 3A1^0^ .2SiO., + 2ZrO_ 

4 2 3 2 3 2 2 
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Moya and Osendi [24] prepared inullite-Zr02 composites from 
the active premullite powder, obtained by Moya et al. [9], and 
ZrO^- The mixtures were attrition milled in isopropyl alcohol 
media followed by isostatic pressing at 200 MPa and subsequently 
sintering at 1570°C. 

Yuan et al [25] prepared mullite-zirconia composite from high 
purity mullite and zirconia powder. The powders were ball milled 
and subsequently sedimented under various pH conditions to get 
submicron powder. The mixed powders were biaxially pressed at 250 
MPa and sintered at 1610°C. 

Boch et al. [60] prepared mullite-ZrO^ composites from AI 2 O 2 
and zircon at 1600°C according to the reaction described earlier. 
Boch and Chartier [61] also prepared mullite-Zr02 composites by 
reaction sintering route from the tape cast mixtures of AI 2 O 2 , 
quartz and Zr 02 powders. 

Shyu and Chen [78] prepared mullite-Zr02 composites from 
alumina/zirconia particles coated with an amorphous silica layer. 
They reported that this type of composites could be sintered in 
the temperature range of 1100-13 10°C. 

McPherson [26] prepared mullite/5 wt% Zr02 composite from the 
glass obtained by rapid solidification of the melt of mixed 
hallides. The rapid solidification of hallides was carried out 
either in the tail flame of high frequency oxygen plasma or by 
in-flight melting and solidification of mullite and Zr 02 powders 
in direct current plasma torch or in oxyacetelene flame. The 
composite was prepared by the hot pressing of the powder at 
1040°C. Yoshimura et al. [62] prepared mullite-Zr02 composite 
from the glass powder of mullite-20 wt% Zr 02 by hot pressing in a 
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temperature range of 1050-1600°C for 3 0 min. under 25 MPa 
pressure. 

Ismail et al. [27] prepared mullite-zirconia composite by 
sol-gel method. Mullite sol was prepared by the method reported 
by the author [12] and was mixed with zirconia sol, which was 
prepared by using zirconyl chloride. The mixed sol was gelled at 
pH 2. The dried gel was ball milled and calcined at 800 to 1400“c 
followed by cold isopressing at 2 tons/cm^and sintering at 1600°C. 
1.3.2 Sintering 

In reaction sintering process, both the reaction and 
densif ication processes were reported to be important to get high 
density materials. Emiliano and Segadaes [22] studied sintering 
mechanism at temperatures ranging from 1350 to 1650°C. They 
observed relative density values above 100%, based on the 
theoretical density for complete reaction, which was reached at 
1400-1450°C in the early stages of heat treatments. From this 
observation they reported that the sintering process of the 
reactants started before the reaction took place. Above 
1400°C-1450°C, de-densif ication occured and minimum density was 
reached at 1500°C - 1550°C. The decline in densif ication rate was 
reported to coincide with the starting of zircon decomposition and 
the onset of the reaction to form mullite. This also agreed with 
Boch and Giry's results [21] . When the decomposition of zircon 
and the formation of mullite was approached towards completion, 
the relative densities of the two mixtures started rising again. 
The authors [22] also reported a certain time delay between the 
start of zircon decomposition and the beginning of mullite 
formation which was in agreement with the results of Di Rupo and 
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Anseau [28 ] . 

Boch and Giry [19,21] reported sensitivity of the reaction 
sintering process to powder characteristics. The authors [21] 
showed that the use of very fine particles (-0.5 um) favoured 
densif ication rather than mullitization. They also reported the 
enhancement of densif ication of samples containing free Zr 02 . 
Holmstrom et al. [23] reported that zirconia accelerated both the 
densif ication and mullitization kinetics. Zircon appeared as a 
transitory phase and its ZrO^ inclusions was reported to act as 
grain growth inhibitors. They also reported that even a low Zr02 
content (1 vol%) was useful for improving reaction sintering. The 
product density was in the range of 95-99% of theoretical density 
at 1600°C, depending upon the powder characteristics. 

Boch et al. [60] reported greater than 97% relative sintered 
density at 1600°C and preferred reassociated zircon to dissociated 
one for better sintering. In tape casting method greater than 98% 
relative sintered density was achieved at rather low sintering 
temperature, ie.l560°C for 2 hours. 

Moya and Osendi [24] prepared mullite -Zr02 composites from 
premullite and Zr02 powders. They reported that the densif ication 
rate enhanced in the presence of Zr02. At 1570°C the density of 
mullite/Zr02 composite was 93.7% of TD, while the corresponding 
value for mullite was only 87.3% of TD. 

Mullite prepared by Yuan et al. [25] from fused mullite and 
Zr02 powders gave density of 92.1 to 96.1% of theoretical density 
at 1610°C. 

Shyu and Chen [78] reported that mullite-Zr02 composites 
prepared from Al 20 ^/Zr 02 powders coated with an amorphous silica 
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layer could be densified through the viscous flow of the amorphous 
silica layer. For the ZrO^ - free mullite ceramics the viscous 
densif ication kinetics was inhibited by increasing the content of 
the inclusion particles and by crystallization of the 
amorphous silica layer. However, for the zirconia-mullite 
ceramics, the addition of ZrO^ inclusion particles accelerated the 
viscous densif ication kinetics. Mullitization kinetics was also 
enhanced by the addition of zirconia. 

McPherson [26] reported 31% mean porosity of the mullite-Zr02 
composites prepared from glass powder by hot pressing at 1040°C. 
However, the porosity at the outer 1mm thick rim was “10%. They 
suggested that extensive densif ication occurred in the outer 
region of the compact prior to crystallization, because of the 
temperature gradient through it, before any significant 
densif ication occurred in the interior. 

Mullite-Zr 02 composites prepared from glass powder [62] 
rapidly densified fully at about 950°C, around the glass 
transition and crystallization temperatures of the amorphous 
materials, probably due to the viscous flow mechanism. 

Ismail et al. [27] prepared mullite-Zr02 composite by sol-gel 
method. They got densities of > 98% of TD irrespective of the 
composition studied. 

1.3.3 Microstructure and Properties 

The microstructure of reaction sintered mullite-Zr02 
composites [18] exhibited the presence of Zr02 particles (0.5 to 
1.0 jum) located primarily within the mullite grains (“4 nm) . The 
Zr 02 particle size did not change even after long annealing. 
However, the fraction of tetragonal Zr02 particles decreased from 



23 


0.3 to <0.1 with the increase in annealing time from 1 to 16 hours 
at 1600°C. 

Holmstrom et al . [23] observed the presence of equiaxed 
mullite grains in mullite-Zr 02 composite sintered below 1620“c. 
The samples sintered at 162 0°C, however, exhibited an elongated 
grains of 1-3 urn. The Zr02 grains were located in both intra- and 
intergranular positions. The former grains were very small with a 
size of about 0.1 urn, whereas latter were larger with a size 
varying from 0.5 to 1 jLtm. A coarsening of intergranular Zr02 grain 
was also observed for longer sintering time. The authors [23] 
also reported that a higher content of ZrO^ produced larger Zr 02 
grains which were more amenable to transformation to the 
monoclinic phase. 

Clausen and Jahn [18] measured the fracture toughness and 
bend strength of the mullite - Zr02 composite in 4- point loading. 
The samples sintered at 1600'*C had fracture toughness of 4.5±0.3 
MPa.m^'^^ and bend strength of 400+35 MPa. They also observed that 
the composites sintered at 157 0°C retained their bend strength of 
330±25 MPa upto at least 1280°C, indicating the retention of very 
little glassy phase in the grain or phase boundaries. Boch and 
Giry [19,21] measured bend strength of 320 MPa at room temperature 
for the composites sintered at 1600°C. They reported that coarse 
microstructure at higher temperature lowered the bend strength of 
the materials. Room temperature Young's modulus and shear modulus 
had values of 220 GPa and 155 GPa, which was slightly higher than 
pure mullite materials. Fracture toughness of the composite was 
3.3 MPa.m^'^^ in comparison to 2 MPa.m^^^ for pure mullite. 
Dilatometric measurement gave a mean thermal expansion coefficient 
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of 6x10 K in the range of 20 to 1000°C. Observed hysteresis in 
the curve was attributed to phase transformation of 
monoclinic-Zr 02 into tetragonal-Zr 02 on heating and vice versa. 

Reaction sintered mullite - ZrO^ composites prepared by Boch 
et al. [60] showed a mixture of accicular and equiaxed mullite 
grains in the 68% AI 2 O 2 material. However, >68% AI 2 O 2 containing 
materials showed only equiaxed mullite grains. Excessive grain 
growth was reported in the 75% AI 2 O 2 mullite. High silica (68% 
AI 2 O 2 ) mullite exhibited very good flexural strength (“195MPa) 
upto 1200°C, whereas its Zr02 containing counterpart did not show 
similar trend. Tape cast followed by reaction sintered 
mullite-Zr02 composites [61] showed flexural strength of 265 to 
328 MPa for 5 to 15 vol% Zr02 addition. The for the same 
condition was in the range of 2.8 to 3.5 MPa.m^'^^. 

Moya and Osendi [24] observed increase in fracture toughness 
value of mullite-Zr02 composite from 2 to 3.2 MPa.m^''^^ with 
increase in Zr02 addition from 0 to 20 vol%. ' Relative content of 
t-Zr02 did not affect these values. However flexural strength 
increased with the increase in t-Zr02. The reported values of 
flexural strength was in the range of 213±23 to 288±20 MPa for 0 
to 20 vol% total Zr02 content. Strengthening of composite was 
attributed to microcracking due to the martensitic transformation 
of t-Zr 02 to m-Zr 02 (on cooling) added in addition to solid 
solution strengthening. This view has also been supported by 
Osendi et al. [29]. 

Yuan et al. [25] reported the increase in flexural strength 
and fracture toughness of Mullite from 15 to 30% by the addition 
of 5 to 25 vol% fine (1 urn) 2r02 in the as fired (1610°C) 
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condition. The values for pure laullite were 100 MPa and 2.01 
MPa.m^'^^ respectively. The flexural strength of the mullite 
composites (15 to 25 vol% of fine or medium ZxO^) after three 
thermal shock cycles (from 1200°C to room temperature) was nearly 
tripled compared to that of pure mullite. An increase of 20 to 
30% in both before and after one thermal shock was also 

obtained by introducing 20 vol% fine ZrO^ . Young's moduli of the 
quenched composite samples did not decrease, as it was expected, 
but slightly increased for some strengthened specimens. 

Mullite - Zr 02 composites prepared from amorphous silica 
coated Kl^O^/ZrO^ powders [78] and sintered in the range of 
1100-13 10°C, exhibited a duplex, porous, microstructure specially 
at the higher sintering temperature. With the increase in 
sintering temperature and Zr 02 content, a coarsening of Zr 02 
grains was obseirved, resulting in a decreased tetragonal to 
monoclinic ratio. increased with the increase in Zr 02 content. 

Mullite- 20 vol% Zr 02 composite sintered at 1600°C had a of 

3.8 MPa.m^/^. 

The microstructure of mullite/ 5 wt% Zr 02 composites prepared 
from glass powder [26] and sintered at 13 00°C showed “ 0.02 iim 
crystals of t-Zr 02 dispersed in a polycrystalline mullite matrix 
with grain size of ajo.liixm. Heating at higher temperatures 
resulted in increase in size of grains of both zirconia and 
mullite. Heating at 1600°C gave a microstructure of “ 0.2 4 m 

spherical t-Zr 02 particles dispersed within the mullite grains of 
“2 4 m size. 

The microstructure of hot pressed mullite-Zr 02 composites 
from glass powder [62] showed large amount of glassy phase at 
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1050°C. This glassy phase decreased with the increase in hot 

pressing temperature. The samples hot pressed at 1600°C exhibited 

1/2 

a fracture toughness of 2.2 MPa.m ' . 

Mullite-Zr02 composites prepared by sol-gel method [27] gave 
microstructure of homogeneously dispersed ZrO^ in the mullite 
matrix. The Zr02 particles were mainly intergranular. The 
average grain sizes of mullite and ZrO^ in the specimen (15 vol% 
Zr02 composite) sintered at 1600°C for 2.5 and 3.0 hours were 0.8, 
0.40 iim and 0.8, 0.45 jim for the respective periods. 

Authors [27] reported increase in fracture toughness of the 
mullite-Zr 02 composites (prepared by sol-gel method) with increase 
in total Zr 02 content as a result of microcrack toughening due to 
spontaneous transformation (tetragonal to monoclinic) of Zr 02 . 
The fracture toughness value of the 15 vol% Zr02 specimen was 4.9 
MPa.m^'^^. Whereas, the flexural strength was 520 MPa. Beyond 15 
vol% Zr 02 it decreased due to both microcrack formed by the t-m 
transformation on cooling and the release of strain caused by 
thermal expansion mismatch between the mullite and Zr 02 , which 
resulted in extensive microcracking in the sintered body. The 
flexural strength increased with the increase in transformable 
t-Zr02 upto 45 vol% for the specimen of 15 vol% total Zr02 
content. After 45 vol% it again decreased due to the same reason. 
The flexural strength decreased to 3 00 MPa with increase in 
temperature upto 1300°C due to the coarsening of Zr02 particles as 
a result of thermal expansion mismatch within the mullite matrix. 
The Young's modulus of the 15 vol% Zr02-mullite composite had a 
value of 219 GPa, which decreased to 213 GPa due to the 
microcracking . 
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1.4 MULLITE-BN COMPOSITES: 

This particular composite was prepared by Lewis et al. [30] 
from submicron size colloidal silica and fine BN powders. 

The powders were mixed by wet milling and then hot pressed (at 
1700-1750°C and 35 MPa) to almost theoretical density. 

The microstructure of the composite was anisotropic and 
laminar in character. The BN crystallites were generally oriented 
with the thickness direction (c-axis) parallel to the HPA. The BN 
crystallites were 0.1 - 0.2 urn in thickness and « Sum in lateral 
dimension. The mullite grains were “ 54 m in size. The composite 
had a very good thermal shock resistance, as measured by room 
temperature water quench technique. It also showed an exponential 
dependence of Young's modulus on composite density. The 

properties of mullite - 30 vol% BN composites were as follows: 
Density (gm/cc) = 2.75-2.81 

Young's modulus (GPa) = 66-90 (II HPA), 100-130 (-L HPA) 

(HPA: Hot pressing axis) 

Flexural strength (MPa) = 200-350 

Dielectric constant = 5 

Thermal shock resistance AT (°C)= 400-450 

c 

1.5 COMPLEX MULLITE BASED COMPOSITES: 

1.5.1 Mullite-ZrO^-MgO/CaO/Y^O^ Composites 

Orange et al. [31] prepared mullite-Zr02-MgO composites from 

zircon/dissociated zircon, alumina and magnesia by reaction 

sintering method, as per the following reaction: 

2ZrSiO. + 3A1_0_ 1-8 wt% MgO ^ 2ZrO- + 3A1_0. . ZSiO- 

4 2 3 2 2 3 2 

The stoichiometry of the above equation was also modified slightly 
to get multiphase ceramic composites of the 
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zirconia/alumina/mullite/magnesia, according to the following 
reaction; 

2ZrSiO^ + (3+x)Al202 2Zr02 + 3Al202.2Si02 + xAl2°3 
The individual powders were mixed using mechanical procedure with 
an organic binder, uniaxially pressed at 50 MPa and finally 
sintered at 1450-1650°C. In all the cases Zr02 content was 20 
vol%. Yuan et al. [32] prepared mullite-ZrO2-Y202 composites from 
sol-gel mullite and submicron fine (<0.2 ym) Zr02 powders. The 
powders were mixed by ball milling in AI 2 O 2 grinding media and 
subsequently pressed into discs and sintered at 1600°C. Pena et 
al. [33] prepared mullite-Zr02-Ca0 composites from zircon, alumina 
and CaCO^/CaSiO^ by the reaction sintering process. The raw 
materials were milled, homogenized and iso-pressed at 200 MPa and 
then sintered at 1425'*C and 1450°C. 

Mullite-Zr 02 /Mg 0 /Y 202 /Ti 02 composites were also prepared by 
different workers through reaction sintering [63-67] or through 
sol-gel [63, 68] processing technique. Leriche [63] prepared 
mullite - Zr 02 composites with Mg 0 /Ti 02 addition through different 
routes. Moya and Miranzo [64] prepared mullite-Zr02-Mg0 
composites by reaction sintering of ZrSiO^, AI 2 O 2 and MgO. They 
used both direct reaction sintering method as well as pressureless 
sintering of isopressed reaction-sintered composite powder. Das 
et al. [66, 67] prepared mullite-Zr02/Mg0/Y202 composites by the 
reaction sintering of zircon, AI 2 O 2 and MgO/Y 202 powder mixtures. 
Shiga et al. [68] prepared MgO doped mullite-Zr02 composites by 
the sol-gel method. 

In the reaction sintering process [ 31] MgO was used to 
decrease the dissociation of zircon and produce a small amount of 
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transient liquid phase contributing to simultaneous densif ication 
with the reaction. Yuan et al. [32] reported that addition of ^ 2^3 
enhanced the retention of t-ZrO^ and also lowered the sintering 
temperature. They synthesized composites of 97.5 to 99% of the 
theoretical density at 1600°C. Pena et al. [33] observed that 
CaCO^ and CaSiO^ addition enhanced the sintering rate and also 
decreased the final sintering temperature of reaction-sintered 
composites. They found that CaO addition as CaSiO^ resulted into 
lower sintering rate than that of CaCO^ addition. This difference 
was higher in case of compositions containing free A 1202 * They 
also observed that presence or absence of free AI 2 O 2 in the 
mullite-Zr 02 composites did not modify the sintering behaviour. 

Orange et al. [31] reported that the microstructure of 
reaction sintered mullite-Zr 02 -Mg 0 composites consisted of 
needlelike mullite grains with two types of 2 r 02 particles: 
rounded intragranular grains of 2.5 pm and well-faceted 
intergranular grains of 1.0 pm in size. Glassy phase was observed 
in the tridimensional skeleton of mullite. Yuan et al. [32] 
reported that Y 2 O 2 addition in mullite Zr 02 composite aided the 
retention of t-Zr 02 in the composite structure. This t-Zr 02 did 
not undergo stress- induced transformation during grinding. 

Orange et al. [31] reported room temperature flexural 
strength and fracture toughness value of 270-330 MPa and 4.6 - 
5.25 MPa.m^'^^ respectively for the reaction sintered 
mullite-Zr 02 -Mg 0 composites. They observed that flexural strength 
and fracture toughness slightly decreased with the increase in 
temperature upto 600°C. But both these properties increased from 
600°C to 800°C due to the presence of highly viscous glassy phase 
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along the grain boundaries. Beyond 800°C the properties again 
decreased due to the fluidization of grain boundary glassy phase. 
Mullite-Zr02-Y202 composites prepared by Yuan et al. [32] (through 
sol-gel route) gave Young's modulus and fracture toughness values 
of 160-185 GPa and 2. 3-2. 5 MPa.m^^^ respectively. 

Leriche [63] reported 98 to 99% relative sintered density of 

mullite-Zr 02 composites prepared through different routes at a 

temperature ranging from 1570 to 1650°C. Reaction sintered 

material in the presence of MgO and Ti02 presented similar 

mechanical properties, although very different microstructures. 

The MgO composites were characterized by a crosslinked mullite 

grain arrangement with the presence of an intergranular glassy 

phase, whereas the microstructures of the titania composites and 

the sol-gel materials were constituted of equiaxed grains without 

an intergranular glassy phase. The sol-gel composites showed the 

highest flexural strengths and the most homogeneous 

microstructures. However, the toughness value was lower than that 

of the MgO doped composites because of lower tetragonal Zr02 

content and the absence of a crosslinked mullite grain 

arrangement. Das et al. [66, 67] reported 97.5 to 99.59% relative 

sintered density for the isopressed reaction sintered 

mullite-Zr02- MgO/Y202 composites, sintered at 1550 to 1600®C for 

2 hours. They observed a homogeneous distribution of Zr02 in the 

mullite matrix, and reported flexural strength of 116 to 243 MPa 

depending upon the nature of dopant. The fracture toughness was 
. 1/2 

in the range of 2.40 to 5.15 MPa.m ' . However, uniaxial pressing 

of the green compacts showed poor sintered properties. In this 
case flexural strength was in the range of 110 to 165 MPa for the 
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samples sintered at 1600°C for 2 hours. Shiga et al. [68] 
reported 99% relative density for the sol-gel processed 
mullite-Zr02-Mg0 composites, sintered at 1450°C with 1.5 wt% MgO. 
They also reported the formation of ZrSiO^ with greater than 0.3 
wt% MgO due to the liberation of Si02 from mullite grains. The 
flexural strength of 560 MPa and fracture toughness of 5.8 
MPa.m^'^^ for the 1.5 wt% MgO doped composites fired at 1475°C was 
reported. 

1.5.2 Mullite - Zr02 - Ti02 Composites 

This group of composite was prepared by the reaction 

sintering process [34-38] from the raw materials of zircon, 
alumina and titania, according to the following reactions; 

2ZrSiO^ + (3+x)Al202+xTi02 > 2 Zr 02 (ss) + Al^Si 20^2 

with X = 0.25 

2ZrSi0^+(3+x)Al202+xTi02 — > 2 Zr 02 (ss) +Al^Si 20 ^ 2 + Al 2 Ti 05 

with X = 1.0 

The powders were homogenized by attrition milling in isopropyl 
alcohol. After drying and sieving, the raw compositions were 
isostatically pressed at 200 MPa followed by sintering at 

1500-1550‘’C. 

Leriche et al. [35] reported that the addition of Ti02 in 
Mullite-Zr 02 composite enhanced the densif ication and zirconia 

dissociation reaction. Several workers [34,37, 38] observed that 

the composition containing 1 mol Ti 02 was situated beyond the 
solid solubility limit of Ti 02 and Zr 02 in the quaternary system 
Al202-Zr02-Ti02-Si02 . The formation of transitory ZrTiO^ 

therefore occurred at temperatures around 1300°C. This phase 
formed a transitory liquid phase at 1400°C, accelerating the 
densif ication. However, Melo and Moya [34] reported this phase as 
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Al 2 TiOg. The composite formulated with 1 mol Ti02 reacted and 
densified at a lower temperature of 1500°C incomparison to usual 
sintering temperature ISSO^C for composite with 0.25 mol Ti02. 
Since the latter composition was located inside the solid 
solubility limit sintering process took place in the absence of 
any liquid phase. The density obtained in this process was 98-99% 
of the theoretical. 

The microstructure of such reaction sintered composite [36] 
was characterized by fine equiaxed mullite grains, intergranular 
Zr 02 and a very small amount of glassy phase, when sintered at 
1500°C- 1550‘’c. It was reported that Zr02 was the only Ti02 

incorporating phase. As a result, addition of Ti02 increased the 

Zr 02 grain size causing decrease in unit cell parameters of Zr 02 

. . . . . . . 4+ 

with increasing T 1 O 2 additions due to smaller ionic radius of Ti 

4+ 

compared to Zr in quasi-octahedral coordination. 

Melo and Moya [34] did not observe any noticeable variation 
in the final density of mullite-Zr 02 -Ti 02 composite with the 
increase in ageing temperature or time. Only pore size changed. 
Bending strength of composite was 250±20 MPa at room temperature. 
The strength degradation, observed at al450°C and 2:1400°C for 0.25 
and 1.0 mol Ti 02 respectively, was due to the pore coalescence and 
Zr02 particle coarsening. On the other hand, fracture toughness 
values increased from 4 to 4.8 MPa.m^^^ with the increase in 
temperature from 20°C to 1500°C. Such a behaviour was attributed 
to the existence of a significant plasticity zone infront of crack 
tip as well as microcrack-toughening as a consequence of higher 
average grain size of zirconia particles. 
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1.5.3 Mullite - ZrO^ - SiC Composites 

This group of composite was prepared by Hoffmann et al. [39] 
from mullite and ZrO^ powders and purified SiC whiskers. A slurry 
of the mixtures of mullite, Zr02 and SiC was prepared by tumble 
mixing and then dried in a rotation evaporator. Densif ication was 
achieved after uniaxial hot pressing at temperatures between 1500 
- 1650°C. 

The grain size of the mullite-20 vol% SiC composite after hot 
pressing at 1600°C was ^2 pm. Incorporation of 10 vol% Zr02 
reduced the densif ication temperature by 50°C. 

The microstructure of 10 vol% Zr02 content sample showed a 
homogeneous distribution of the Zr 02 particles in the mullite 
matrix. The whisker containing composites exhibited an 
anisotropic microstructure with alignment of the SiC-whiskers 
parallel and a random uniform distribution within the planes 
perpendicular to the hot pressing direction. 

Addition of 20 vol% whiskers increased the bending strength 
of mullite from 300 to 473 MPa and the fracture toughness from 3.0 
to 5.0 MPa Impurities in the unsedimented whiskers reduced 
bending strength from 470 to 330 MPa. Fractographic analysis 
revealed the initiation of fracture from the metallic impurities 
and hard whisker agglomerates. It was observed that fracture 
toughness remained nearly constant with the increase in hot 
pressing temperatues from 1500 to 1650°C. However, bending 
strength increased from 390 to 470 MPa due to the reduction of 
critical flaw size. A further improvement of the mechanical 
properties was observed due to Zr 02 -toughening and whisker 

The maximum bending strength of 580 MPa was 


reinforcement . 
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observed for the samples containing 10 vol% 1x0^ and 2 0 vol% SiC. 
The maximum fracture toughness of 6.9 MPa.m^'^^ was observed for 
the samples containing 10 vol% ZrO^ and 30 vol% SiC. Bending 
strength of the latter sample was lower than the former due to 
insufficient deagglomeration of the whiskers. Fracture surfaces 
of the whisker reinforced composites were noticeably rougher than 
that of mullite matrix and roughness increased with increase in 
whisker content. From these observations authors [39] explained 
strengthening behaviour due to crack deflection by the whiskers. 

Oxidation resistance of the SiC whisker reinforced composite 
was good at temperatures siooo°C. In this temperature region a 
thin oxide film formed on the surface which prevented further 
degradation of bulk material. However at higher temperature 
(2:1200‘*C) SiC-whiskers severely oxidized resulting in the 
degradation of high temperature mechanical properties. 

Mullite-Zr 02 /SiC composites were also prepared by other 
workers [69-75] through different routes namely reaction 
sintering, sol-gel processing followed by sintering, colloidal 
processing followed by sintering and transient viscous sintering. 
Moya [69] prepared the composites from ZrSiO^, AI 2 O 2 and SiC by 
the process of reaction sintering at 1450°C for 1.5 hours. CaO, 
MgO and TiO^ were also used as additives in order to develop a 
transient liquid phase. Rahaman and Jeng [70] prepared the 
composite from the sol-gel processing of mullite and 15 vol% SiC 
whisker after sintering at 1550°C for 1 hr to 85% relative 
density. Tiegs et al. [71] prepared mullite-20 vol% SiC composite 
from the mullite and SiC whisker by either hot pressing or 
pressureless sintering at a temperatures of 1500-1675“c to >97% 
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sintered density. Takada et al. [73] prepared the composite from 
mullite and SiC powder by pressureless reaction sintering at 
1700“c. Nischick et al. [74] prepared Sic platelet reinforced 
mullite-Zr 02 composites by both conventional powder processing and 
a pressure filtration route with constant filtration rate. The 
samples were sintered at 169 0°C for 3 0 to 12 0 min. Sacks et al. 
[75] prepared this composite by transient viscous sintering of 
composite powders. In this process a-Al^O^ powders were coated 
with amorphous SiO^ and then mixed with Sic followed by compaction 
and sintering at ~1300°C. Finally they were converted to dense 
fine grained mullite at higher temperature (2:1500°C) by reaction 
between and Si02. In this process an enhanced densif ication 
was observed compare to other recent studies of sintering of 
mullite based composites. 

Microstructure of Sic reinforced mullite ZrO^ composites 
prepared through sol-gel processing route exhibited better 
uniformity than other processing routes. The fracture surfaces 
were irregular in nature. Moya [69] reported moderately high 
toughness (4. 5-5. 5 MPa.m^'^^) , hardness (10-14 GPa) and bending 
strength (250-400 MPa) for the composites of mullite-20 vol% SiC 
whisker. Tiegs et al. [71] showed that the addition of 20 vol% 
Sic whisker to mullite increased the flexural strength from 200 to 
425 MPa and fracture toughness from 2.2 to 4.7 MPa.m^''^^. 

1.6 SCOPE OF THE PRESENT INVESTIGATION 

As described in the introduction section, mullite ceramic has 
extensive uses in different structural and electrical applications 
because of its high melting point, low thermal expansion, high 
creep resistance, chemical inertness, enhanced flexural strength 
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at high temperature and good dielectric constant. However, the 
relatively low fracture toughness of mullite is the main barrier 
to be overcome for efficient structural applications. Development 
of mullite based composites is therefore one of the solutions. 

As highlighted earlier mullite can be processed by various 
methods, the most prominent being fusion and sol-gel routes. The 
former grade ceramic is naturally much cheaper than the latter- 
The present investigations aims to investigate the comparative 
properties of mullites obtained from processing of powders of 
these two grades under similar conditions. In the case of mullite 
based particulate composites, the most prominent addition is the 
pure Zr02 in its straight or modified forms. Processing of these 
composites were proposed to be carried out through different 
routes such as prealloyed fusion route, reaction sintering of 
zircon and AI 2 O 2 and milling/sintering route of ceramic premixes. 
Very little attention has been directed towards study of 
mechanically milled mullite composite. While there is some 
effort [25] in this direction on fused mullite - Zr02 composite, 
there seems no work on sol-gel based milled mullite composites. 
Ismail et al. [27] investigated mullite based composites by 
sol-gel route in which all the constituents were chemically mixed 
in the form of sol followed by gellation at a particular pH. 
Keeping in view the capital cost involvement of hot presses or 
Hips, the present selected processing route viz 
milling/pressureless sintering is naturally more attractive 
economically, at least for the production of technical grade 
mullite and its based refractory products. 

The earlier workers [31,32, 63, 64, 66-68] have mostly used 



37 


either straight Zr 02 additive or singly modified (eg* 
Zr02-Mg0, Zr02-y2*^3' etc.) However in the present investigation 
an effort has been done to investigate the effects of doubly 
modified ZrO^ additives such as ZrO^-MgO-Y^O^ • In addition 
special care during present investigation has been taken to keep 
the powder characteristics (eg. average grain size, packing 
density, etc.) of both ZrO^-MgO and Zr02-Mg0-Y202 identical, so 
that the role of Y 2 O 2 or MgO could be focussed better. 

The stoichiometry of Al202/Si02 in mullite is 1.5. However 
there may be some departure from stoichiometry during preparation. 
Keeping this in view the mullites having two different 
stoichiometries ie. 1.5 and 1.51 have been used in the present 
investigation . 
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modified Zr02 additives such as Zr02-Mg0-Y202 • In addition 
special care during present investigation has been taken to keep 
the powder characteristics (eg. average grain size, packing 
density, etc.) of both Zr 02 -Mg 0 and Zr 02 -Mg 0 -Y 202 identical, so 
that the role of Y 2 O 2 or MgO could be focussed better. 

The stoichiometry of Al202/Si02 in mullite is 1.5. However 
there may be some departure from stoichiometry during preparation. 
Keeping this in view the mullites having two different 
stoichiometries ie. 1.5 and 1.51 have been used in the present 
investigation. 



CHAPTER II 

EXPERIMENTAL PROCEDURE 


and its composites were prepared through three 
different routes namely (i) premix milling, compaction and 
sintering, (ii) reaction sintering and (iii) prealloyed powder 
compaction and sintering. In premix milling, compaction and 
sintering route mullites, ZrO^, Zr02-Mg0 and Zr02-Mg0-Y202 powders 
were used. Reaction sintered mullite-ZrO- composites were 
prepared from zircon and AI2O2 powders. Prealloyed powder was 
directly used to prepare the composite. The important aspects of 
preparation and characterization consisting of the details of (i) 
raw materials, (ii) preparation of composites and (iii) their 
characterization are presented in the following section. 

II . 1 RAW MATERIALS 

The chemical compositions of various raw materials were 
provided by the suppliers. As these raw materials had to be 
milled further, the average particle size of each powder (raw 
materials) was estimated by Coulter counter analysis. The 
equipment (Model Zg and B) developed by [Coulter Electronics Ltd. , 
U.K.) was used. After milling the average particle size fell 
below coulter counter limit and so it was measured on JEOL 840 A 
scanning electron microscope. For each set a large number of 
electron micrographs from different regions were used for 
averaging the particle size estimation. 

The chemical and physical characteristics of raw materials 
used in the present investigation are as follow: 



II. 1. 1 


Mullite Powders 


Three different types of mullite powders were used in the 
present investigation. One of them (MC) was prepared by 
electrofusion of calcined Al202and high grade silica sand. Other 
two types, MP-20 and MP-40 were prepared by sol-gel process with 
^^2^3 ^^tio of 1.5 and 1.51 respectively. Powder 

characteristics of these mullites and their sources are given 
below. 

(a) MC Mullite 

Supplier : Carborundum Universal Ltd., Madras, India 
Average particle size (as received) : 7.83 um 
Apparent Density : 0.99 g/cm^ 

AI 2 O 2 : SiO^ Ratio ; 1.70 

Chemical Composition (mass %) : Al^O^ 75.50, SiO^ 22.50, Fe202 

0.05, alkalies 1.94, Ti02 0.01 

(b) MP-20 Powder 

Supplier : Chichibu Cement Co. Ltd, Japan 

Average particle Size (as received) : 1.30 um 

. 3 

Apparent Density : 0.59 g/cm 

AI 2 O 2 : Si02 Ratio : 1.50 

Chemical Composition (mass %) : AI 2 O 2 71.80, Si02 28.19, Na20 0.01 

(c) MP-40 Mullite 

Supplier : Chichibu Cement Co. Ltd, Japan 
Average particle size (as received) : 1.3 6 /im 

3 

Apparent Density : 0.58 g/cm 

AI 2 O 2 : Si02 Ratio : 1.51 

Chemical composition (mass %) : AI 2 O 2 71.80, Si02 28.05, Ti02 0.10, 



40 


II. 1.2 

Supplier : Magnesium Elektron Ltd, U.K 

Average particle size (as received) : 0.90 fim 

. 3 

Apparent Density : 1.06 g/cm 

Chemical composition (mass % ) : ^rO^ 99.63, ^^^2 

0 . 20 , 'P^2^3 

11. 1.3 ZrO^-MgO Powder 
Supplier : Dynamit Nobel, Germany 

Average particle size (as received) ; 50% < 0.6 lira 

3 

Apparent Density : 0.45 g/cm 

Chemical composition (mass %) ; ZrO^ 94.70, Si 02 0.06, Tio 2 0*05, 

Fe 202 0.04, CaO 0.04, MgO 3.41, AI 2 O 2 0.05, Hf 02 1.69, Na 20 0.01, 

K 2 O < 0.01 

11. 1.4 Zr 02 “Mg 0 -Y 203 Powder 
Supplier : Dynamit Nobel, Germany 

Average particle Size (as received) : 50% < 0.60 urn 
Apparent Density : 0.38 g/cm^ 

Chemical composition (mass %) : Zr 02 92.00, Si 02 0.05, '^i‘^2 

<0.05, F® 2^3 0.04, MgO 2.50, AI 2 O 2 0.06, 1.60, Na 20 

0.01, K 2 O < 0.01, Y 2 O 2 3.7 

11. 1.5 Zircon Flour 

Supplier : Indian Rare Earths Ltd., Bombay, India 
Average Particle Size (as received) : 20.00 urn 
Chemical Composition (mass%) : 

Zr 02 59.72, Si 02 31.94, AI 2 O 3 6.76, Fe 203 0.17, Ti 02 trace, CaO 

1.03, MgO trace, K 2 O trace 
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11. 1.6 Al^O^ Powder 

Supplier : Indian Aluminium Co., Belgaum, India 
Average Particle Size : 2 urn 

Chemical Composition (mass %) : Al^O^ 99.50, Alkalies 0.50 

11. 1.7 Mullite - ZrO^ Prealloyed Powder (MZ) 

This powder was prepared by electric arc fusion of zircon 
sand and calcined alumina to form large ingot followed by 
crushing. The chemical and physical properties of the powder and 
its supplier are given below. 

Supplier : Universal Abrasives Ltd., U.K. 

Average Particle Size : 7.24 urn 
AI 2 O 2 : SiO^ ratio : 1.67 
Chemical Composition (mass%) : 

AI 2 O 3 46.30, Si 02 16.30, Ti 02 0.08, ^ 020 ^ 0.04, CaO 0.05, MgO 

<0.05, Na20/K20 0.15, Zr02 + Hf02 36.00 
II. 2 PREPARATION OF COMPOSITES 

Mullite and its composites were prepared by conventional 
powder metallurgy route involving following steps: powder 

milling, green compaction and sintering. 

II. 2.1 Powder Milling 

The mullite powder with 0 to 25 vol% Zr 02 and its modified 
versions were separately milled by the conventional ball milling 
technique. Wet milling of the powders was performed in isopropyl 
alcohol medium for a period of 3 hours. The ratio of powder to 
ball was kept at 1:3 (by mass). Zircon (57wt%) and AI 2 O 2 (43 wt%) 
powders mixture was also similarly wet ball milled. This 
composition was selected so as to react all the Si 02 in Zircon 
with AI 2 O 2 to form stoichiometric mullite. The powder so obtained 
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were dried in an oven at 110°C. The zircon mullite prealloyed 
powder (ZM) was used in as received condition. The particle sizes 
of MC, MP-20, MP-40, ZrO^, ZrO^-MgO, Zr02-Mg0-Y202 and zircon 
powders after milling the premixes were 3.72, 0.76, 0.85, 0.76, 
0.49, 0.46 and 10.20 Jim respectively. 

II. 2. 2 Green Compaction 

Rectangular pellets, of the ball milled powder, measuring 25 
mm X 8 mm x 2.5 mm were compacted in a uniaxial hydraulic press 
(10 ton capacity) at a pressure ranging from 3 00-350 MPa, in order 
to impart sufficient green strength. Polyvinyl alcohol solution 
(0.5% mass in water) was used as a green binder. Steel die was 
lubricated with a thin layer of zinc stearate prior to each 
compaction. The pellets were dried in an over at 110°C and green 
densities were calculated from their physical dimensions and mass. 
II. 2. 3 Sintering 

The sintering of green compacts were carried out for 1 hour 
in super kanthal resistance heated muffle furnace with a hot zone 
of 10 cm at three different temperatures, namely 1600ft, 16506 and 
170 o 6 in ambient atmosphere. The 1600°C temperature was selected 
only for MP-20 based mullite with Zr02 additive in order to probe 
the adequacy of sintering condition. The other two temperatures 
were used invariably for all the composites. The rate of heating 
was 5°C/min. During heating the temperature was held at 450°C for 
15 minutes for efficient binder removal. 

II. 3 MEASUREMENT OF SINTERED DENSITY AND POROSITY 

The sintered densities were measured with the help of a 
Mercury Densometer (Fairey Tecramics Ltd., U.K. make) using the 
following relation: 
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Sintered density (g/cm^) = -1 

^2 

Weight of the sample in air (g) 

Weight of the sample in mercury (g) 

Density of mercury (g/cm^) 

Sintered porosities were calculated from the measured and 
theoretical densities of the composites. The calculation of 
theoretical densities were done from the rule of mixtures, 
assuming that no interaction of individual mullite and Zr 02 
powders takes place. in case of reaction sintering route the 
theoretical density was calculated assuming complete mullitiztion. 
II. 4 MEASUREMENT OF MECHANICAL PROPERTIES 

Mullite based composites developed in the present case were 
mainly studied for their transverse rupture strength (TRS) and 
fracture toughness (K^^) . Details of the measurement are given 
below: 

II. 4.1 Transverse Rupture Strength 

The TRS of the as sintered samples were measured under three 

point bending load in an Instron machine with a cross head speed 

of 0.2 mm/min, TRS was calculated from load at the point of 

failure using following formula: 

TRS (MPa) = — X 9.806 
WD 

where 

P = Breaking load (kg) 

L = Span length (mm) 

W = Width (mm) 

Thickness (mm) 


where 



d 


D 
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The average value was obtained for each set of preparation 
using tests on six specimens. 

II. 4. 2 Fracture Toughness 

Three point bending fracture toughness was measured 

according to the single edge-notch bend (SEND) method described by 
Larson et al. [76]. In this method a 0.15 mm width notch was cut 
at the middle of the as sintered sample by means of a Buehler, 
Isomet (USA) low speed diamond cutter. The tests were performed 
in an Instron machine with a cross head speed of 0.05 mm/min. The 
formula [76] used for the calculation was: 


K 


IC 


3PLC 


1/2 r 


2WD 


_^o ^i(d) 

- 1/2 


^2 § 


+ A, 


X (1000) 


MPa .m 


1/2 



where 

P = Breaking load (N) 

L = Span length (mm) 

D = Thickness (mm) 

W = Width (mm) 

C = Notch length (mm) , generally C - D/2 

A = 1.90 + 0.0075 (L/D) 

o 

A^ = -3.39 + 0.0800 (L/D) 

A^ = 15.40 - 0.2175 (L/D) 

A^ = -26.24 + 0.2815 (L/D) 

A, = 26.38 - 0.1450 (L/D) 

4 

Three test samples were broken for each set for the averaging 


purposes. 
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II. 5 MICROSTRUCTURAL STUDIES 

Microstructural studies were accomplished using JEOL 840A 
scanning electron microscope. The three main aspects namely (i) 
the microstructure, (ii) edx dot mapping of Zirconium and (iii) 
f ractography , as discussed below, were mainly covered. 

11. 5.1 Microstructure 

For microstructural studies the sintered samples were 
polished with SiC powders of 200, 400, 800 mesh size respectively. 
Later on they were polished with 7 um and 1 uiti diamond pastes 
respectively followed by etching in 10% HF solution. The samples 
were vacuum coated with silver film to make the surface electron 
beam conductive. The secondary electron image at 15 kV operating 
voltage was used for studies. These microstructural studies were 
conducted for the samples sintered only at 1650°C. 

11. 5. 2 EDX Dot Mappings of Zirconium 

The EDX dot mappings of zirconium for MP-20 and MP-40 mullite 
based composites, sintered at 1650°C were carried out to see the 
distribution of Zr02 in the matrix. The samples were prepared in 
the same way as described in section II. 5.1. Point analyses of 
different oxides present in the composites at selected points were 
also carried out at 15 kV beam voltage. 

1 1 . 5 . 3 Fr autography 

The fractured samples from TRS studies were used for SEM 
fractography after vacuum coating the fractured surface with 
silver. The secondary electron image mode was used at 15 kV 
electron beam voltage. 



46 


II. 6 X-RAY DIFFRACTION ANALYSIS 

X-ray dif fractometry was used for calculating the fractional 
tetragonal and inonoclinic zirconia present in the as sintered 
samples. The intensity of (llT) monoclinic Zr02 and (111) 

tetragonal Zr02 peaks were used for the calculation. Rich. Seifert 
and Co. (Germany) , Model III diffractometer was used at a scanning 
rate of 1.2 /min (20) and time constant of 10 seconds with 
radiation. 

II. 7 MEASUREMENT OF DIELECTRIC CONSTANT 

Dielectric constant (k^) values were measured in Hewlett 
Packard 4194A Impedance/Gain-Phase Analyser, using polished and 
silver coated rectangular specimens at 1 MHz frequency. The 
formula used for the calculation is given below. 

C -C 

k' = 1 + - E- ° X t 

where 

Cp = Capacitance of specimen (F) 

C^ = Capacitance of air (F) 

t = Thickness (m) 

2 

A = Area (m ) 

. . -12 
= Permittivity of free space (8.85x10 ,F/m) 

II. 8 MEASUREMENT OF THERMAL SHOCK RESISTANCE 

Thermal shock resistance was measured according to the method 

described by Tomono et al. [77]. In this method rectangular 

polished specimens, measuring 10 mm x 7 mm x 2 mm (all sides 

polished) were heated in a vertical tubular furnace and quenched 

in water (Fig. 2.1). Later on they were observed in an optical 

microscope at 100 X to identify the crack, if any. The 
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temperature difference (AT = T^^-T^) was reported as 
shock resistance of the composites, where 

= Maximum temperature (K) at which there was 
the sample after quenching. 

= Quenching temperature (K) of water. 


the thermal 


no crack in 




Fig.2.1 Set up for thermal shock resistance 
measurement . 




CHAPTER III 
RESULTS 

III.l SINTERED PROPERTIES OF MULLITES 

The properties of different types of mullites are enumerated 
in Table 3.1. From the table it is clear that sintered 
porosities of MC mullite remain same at either sintering 
temperature ie. 1650 or 1700°C. This value (26%) is highest among 
all the mullites. Sintered porosities of both MP-20 and MP-40 
mullite decrease with increase in sintering temperature. In 
absolute value lowest sintered porosity (5%) is observed for MP-40 
based mullite sintered at 1700°C. 

TRS values of all the mullites increase with increase in 
sintering temperature. The MP-20 mullite gives highest TRS values 
after sintering either at 1650°C or 1700°C. The lowest TRS value 
is observed for MP-40 mullite sintered at 1650°C. 

Fracture toughness (Kjq) values of all the mullites increase 
with increase in the sintering temperature with the exception for 
MP-20 mullite where remains same at either sintering 
temperature. Like TRS values values are also highest for 
MP-20 mullite sintered, at 1650°C or 1700‘*C. Lowest was 
observed for MP-40 based mullite sintered at 1650°C. 

Microstructure of MC mullite shows elongated mullite grains 
with almost homogeneously distributed pores (Fig. 3.1). The grain 
size of this mullite is largest among all the types studied. 
Unlike MC mullite, MP-20 and MP-40 mullites show equiaxed mullite 
grains with homogeneously distributed pores. 
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Table 3.1 : Properties of Different Types of Mullites 


Powder Type 
> 

Properties 

i 

Electrofused Mullite 
(MC) 

Sol-gel Mullite 
(MP - 20) 

Sol-gel Mullite 
(MP - 40) 

Sinter! 

(°C 

1650 

ng Temp. 

:) 

1700 

Sinter 

1600 

'ing Ten 

Co 

1650 

ip. 

1700 

Sintering 

(°C] 

1650 

Temp. 

1700 

Sintered 
density 
(g/cm^ ) 

2.26 

2.26 

2.48 

2.98 

3.01 

2.92 

3.04 

Sintered 

porosity 

(%) 

26 

26 

22 

7 

6 

8 

5 

TRS 

(MPa) 

61±8 

76±14 

56±17 

121±24 

144±46 

53±22 

88±41 

(MPa.m^'' ) 

1.4±0 

1.5±0.07 

— 

3 

3+0.02 

1.1±0.2 

3.0±0.4 

Grain size 
of mullite 
(pm) 

4±2 

6±2 

1.1±.6 

1.5±.8 

1.5±.8 

1.2±.5 

1.9±.8 

Dielectric 

constant 

5.91 

5.93 

- 

7.18 

7.53 

7.68 

7.79 

Thermal 

shock 

resistance, 
AT (K) 

1050 

1075 

- 

1000 

1050 

1025 

1075 
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Fig- 3.1 Microstinicturcs of Different Sintered Mullites 

a. MC (Sint. Temp. 1650®C) ^ 

b. MP-20 (Sint. Temp. 1600^C) 

c. MP-20 (Sint. Temp. 1650^C) 

d. MP-40 (Sint. Temp. 1650 C) 
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Fractographic analyses of all the mullites show intergranular 
fracture (Fig. 3.2 and 3.3). Distribution of pores is also 
uniform for all the mullites. Grain size of all the mullites 
increases with increase in sintering temperature (Table 3.1) with 
the exception for MP-20 mullite where the grain size remains 
almost same after 1650°C or 1700°C sinterings. In absolute value 
the grain size is largest for MC mullite, which is elongated in 
nature, while smallest for MP-20 mullite, which is equiaxed in 
nature . 

Dielectric constant (k') value increases with increase in 
sintering temperatures for all the mullites. However, k' values 
are almost same for MC mullite. Highest k' values are observed 
for MP-20 mullite and lowest for MC mullite. 

Themnal shock resistance (AT) for all the mullites increases 
with increase in sintering temperature. Lowest value of AT is 
observed for MP-20 mullite sintered at leso^C. 

III. 2 SINTERED PROPERTIES OF MULLITE - 25 VOL% ZrO^ COMPOSITES 
PREPARED THROUGH DIFFERENT ROUTES 

The properties of mullite - 25 vol% Zr02 composites prepared 
through different routes are given in Table 3.2. From the results 
it is clear that sintered porosities of MC based composites are 
highest among all the composites and it remains same at either 
sintering temperature. Sintered porosity of MP-20 based 
composites decreases from 8 to 7% with increase in sintering 
temperature from 1650°C to 1700°C. RSMZ composites give 21% 
sintered porosity (at 1650°C) which decreases to 8% with increase 
in sintering temperature. 
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Fig. 3. 2 SEM Fractographs of Different Sintered Mullites 

a. MC (Sint. Temp. 1650°C) ^ 

b. MP-20 (Sint. Temp. 1600^C) 

c. MP-20 (Sint. Temp. 1650^C) 

d. MP-40 (Sint. Temp. 1650 C) 




Table 3.2 : Properties of Mullite - 25 vol% ZrO^ Composites 


Powder Type Electrofused Mullite Sol-gel Mullite 


Powder (MC) 


Powder (MP - 20) 


Properties Sintering Temp. Sintering Temp. 


Reaction Sintered 
Composites (RSMZ) 

Sintering Temp. 


Sintered 
density 2.75 

(g/cm ) 

Sintered 
porosity 21 

•/.) 


1700 

2.75 


1600 

1650 

1700 

1650 

1700 

2.98 

3.53 

3.55 

2.95 

3.45 


1.2±.4 1.8±.06 1.5±.5 3±1 


0.84±.3 1.6±0.4 


0.11 0.03 



94±28 118±44 79±17 81±13 


2.37±.5 2.9±0. 13 2. 52±0. 05 1 2. 84±. 17 




1.5±.9 ll.9±.8 


10.03 10.70 7.03 
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TRS values for MC based and RSMZ composites increase with 
increase in sintering temperature, whereas, it is reverse for 
MP-20 based composites. However, in absolute magnitude MP-20 
based sintered composite gives highest TRS values after 1650®C 
sintering. 

of all the composites increases with the increase in 
sintering temperature. Among all the grades investigated, is 
highest for MP-20 based sintered composites. 

Microstructure of MC based composites, sintered at leso^C 
reveals a homogeneous distribution of rounded Zr 02 particles in 
the matrix of elongated shaped mullite (Fig. 3.4). Like MC based 
composites MP-20 based composites also show homogeneous 
distribution of Zr02 particles throughout the matrix. However, in 
this case the mullite grains are equiaxed in nature. The EDX dot 
mappings of zirconium (Fig. 3.5) for MP-20 based composites also 
confirm a homogeneous distribution of Zr 02 throughout the mullite 
matrix. 

From the fractographic analysis (Fig. 3.6 and 3.7) it is 
clear that MC based composites give rise to rather elongated 
mullite grains with intergranular fracture. The distribution of 


both Zr 02 particles and pores are uniform throughout the matrix. 
After sintering at high temperature the microstructures become 
more homogeneous with the reduction of average mullite grain 
aspect ratio from 2.5 to 1.6. MP-20 based composites exhibit 
equiaxed mullite grains with homogeneously distributed Zr 02 
particles. The fracture mode is intergranular in nature. Grain 
size of mullite for MP-20 bj|sed composites decreases from 1.8 to 





Fig. 3.5 EDX Dot Mappings of Zirconium in MP-20 based 
Mullite-25 vol% ZrOj Composites, Sintered at 

1650°C. 
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Fig. 3.6 SEM Fractographs of Sintered Mullite-25vol% ZrO, 

A 

Composites 

a. MC (Sint. Temp. 1650°C) 

b. MP-20 (Sint. Temp. 1600°C) 

c. MP-20 (Sint. Temp. 1650°C) 

d. RSMZ (Sint. Temp. 1650°C) 




Mullite-25 vol% 


(c) RSMZ 
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1.5 4 in with increase in the sintering temperature from 1650°C to 
1700 C. However, the grain shape remains equiaxed in nature. In 
RSMZ composites a wide distribution of ZrO^ particles in equiaxed 
mullite grains (Fig. 3.6 and 3.7) is observed in case of 1650°C 
sintered samples. On the other hand in case of sintering at a 
still higher temperature viz. 1700°C the size of Zr02 
particles increases from 1.5 to 1.9 jim. Average mullite grain 
size remains same at either sintering temperature. Fractographs 
(Fig. 3.6 and 3.7) reveal that reaction sintering gives rise to 
rather coarser ZrO^ particles than other three types of 
preparation routes. In reaction sintered composites along with 
intergranular fracture mode, some of the Zr 02 particles 
particularly bigger ones appear to be fractured ones. 

X-ray diffraction analysis shows (Table 3.2) that fractional 
tetragonal Zr 02 decreases with increase in the sintering 
temperature for all the composites prepared through different 
routes . 

Dielectric constant values increase with the increase in the 
sintering temperature for any type of composite. However, MP-20 
based composites show highest values among all types of 
composites. 

Thermal shock resistance increases with the increase in 
sintering temperature for all the composites. 

III. 3 FUSED MULLITE-38 V0L% ZrO^ PREALLOYED POWDER BASED 
COMPOSITES (MZ) 

From the results (Table 3.3) it is clear that the sintered 
porosity of this type (MZ) of composites is maximum among all the 



Table 3-3 : Properties of Fused Mullite - 38 vol% ZrO^ Prealloyed 
Composites 
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composites studied in the present investigation. It is about 4 
times higher than sol-gel mullite (MP-20) based composites. The 
sintered porosity of MZ composites decreases from 34% to 32% with 
the increase in sintering temperature from 1650°C to 1700°C. 

TRS value is also lowest among all the composites. It is 39 
MPa after 1650°C sintering and increases to 42 MPa after 1700°C 
sintering. 

increases from 1.45 to 1.76 MPa.m^'^^ with the increase in 
sintering temperature from 1650 to 1700°C. These values are 
slightly lower than those for MC based composites sintered at 
1650°C. 

Fractographs of the sintered composites (Fig. 3.8) show 
intergranular fracture with rounded ZrO^ particles distributed 
homogeneously throughout the large equiaxed mullite matrix. A 
wide distribution of Zr 02 particles is observed for the composites 
sintered at 1650°C. However, after 1700°C sintering Zr02 particle 
(distribution becomes more homogeneous. An increase in Zr02 
particle is observed with increase in sintering temperature. 
Average mullite grains, however, remain same at either sintering 
temperature . 

X-ray diffraction analysis shows that the fractional 
tetragonal Zr 02 unlike other types of composites increases from 
0.05 to 0.08 with the increase in sintering temperature. 

similar to other preparation rautes, the dielectric constant 
of MZ composites increases with incr|ase in sintering temperature. 
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Thermal shock resistance (AT) increases with increase in 
sintering temperature. In absolute value, AT is similar to the 
values for the composites processed through other routes. 

III. 4 SINTERED PROPERTIES OF MULLITE “ZrO^ (0-25 VOL% PURE OR 

MODIFIED) COMPOSITES FROM FUSED OR SOL-GEL BASED POWDERS 
In this section sintered properties of fused (MC) and sol-gel 
(MP-20 and MP-40) based composites are discussed. 

III. 4.1 Densification Behaviour 

Sintered densities of all the composites increase with the 
increase in vol% additive as evidenced from Fig. 3.9-3.12. 
Sintered porosity of MC based composites decreases with the 
increase in vol% additives at either sintering temperature (Fig. 
3.13). In absolute value the sintered porosity is lower for 
1700°C sintered composites than 1650°C sintered ones. 

S interability increases in the order of Zr02 Zr02-Mg0 -> 

ZrO -Mg0-Y_0_ addition at either sintering temperature. Unlike MC 
based composites, MP-20 based composites show an increasing trend 
of sintered porosity with the increase in vol% additive at either 
sintering temperature (Fig. 3.14). However, sintered porosity is 
slightly decreased up to 10 vol% additives at lower sintering 
temperature (1650°C) . On an average the % total porosity is lower 
for 1700"C sintered composites than 1650°C sintered ones with some 
scattering in the results. Like MC based composites, sintered 
porosity for MP-40 based composites decreases with increase in 
vol% additives, sintered at 1650°C (Fig. 3.15). However, 

composites sintered at 1700“c shows reverse trend. The scattering 



Sintered Density , g /cm 


69 



Fig. 3.9 Variation of sintered density of MC mullite 
based composites (a) sint. temp. 1650°C, 
c;inf tomo. 1700^C. 
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Fia 3 13 Variation of */• total porosity of MC muUite 
' hnc;pfi romoosites (a) sint. temp. 1650 C , 
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Fig. 3.14 Variation of ®/o total porosity of MP-20 

muUite based composites (a) sint. temp. 
1650°C, (b) sint.temp. 1700 °C . 




o Muaite-Zr02 
A Mullite -Zr02 “MgO 
O Mullite - Zr02 -MgO -Y2O3 
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in the sintered density is ±0.10 g/cm^ . 

HI* ^*2 Transverse Rupture Strength 

TRS values for MC based composites (0-25 vol% Zr02) 
marginally increases with the increase in vol% additives at either 
sintering temperature (Fig. 3.16). In absolute magnitude TRS 
values after 1700 C sintering is higher than 1650°C sintering 
ones. Unlike MC based composites, TRS values for MP-20 based 
composites show a maximum at a particular composition pertaining 
to individual ZrO^ powders (Fig. 3.17 and 3.18). Decrease in TRS 
values at higher vol% additives than a critical for composites 
sintered at 1700 C is more prominent than those sintered at 
1650°C. A similar feature as for MP-20 based composites is 
present for MP-40 based composites also sintered at 1700°C (Fig. 
3.19). However, the TRS values for the composites sintered at 
1650“c continuously increase with the increase in vol% additives. 
An additional characteristic feature is observed for MP-40 based 
composites, sintered at 1650°C, where MgO and MgO-Y202 additives 
are present in ZrO^, show higher values of TRS than the straight 
Zr 02 containing ones. 

In terms of absolute values the MP-20 based sintered 
composites show highest TRS values, while the MC based ones show 
lowest values. One more characteristic feature of MP-20 and MP-40 
based composites is that the absolute values of TRS are always 
lower after 1700"c sintering than after 1650°C one. Scattering in 
the result is ± 25 MPa. 
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Vol.®/o Additives 


Fig. 3.16 Variation of transverse rupture strength 
of MC muUite based composites^ (a) sint 
temp. 1650°C. (b) sint. temp. 1700 C. 
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Fig. 3.17 Variation of transverse rupture strength 
of MP-20 based nnullite-Zr02 composites 
sintered atl600®C. 
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Fig 3 18 Variation of transverse rupture strength 
of MP-20 mullite based composites 
(a) Sint, temp. 1650°C, (b) sint. temp. 1700 C. 



TRS, MPa 



Vol. % Additives 


Fig 3 19 Variation of transverse rupture strength 
of MP-40 mullite based composites ^ 
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111. 4. 3 Fracture Toughness 

^IC fot all the composites irrespective of the type of 
mullite powders increase with increase in vol% additive with some 
variation, which is highest in MP-20 based composites sintered at 
1650 C (Fig. 3.20, 3.21 and 3.22). in absolute magnitude all the 
composites after higher temperature (1700°C) sintering show higher 
^IC than 1650 C sintering with the exception for MP~20 
based composites where the trend is reverse. The scattering in 
the values is ± 0.22 MPa.m^/^. 

111. 4. 4 Microstructural Studies 

From the microstructure of MC based composites sintered at 
1650 C it is clear that the rounded ^^^2 psirticles are 
homogeneously distributed throughout the elongated mullite matrix 
(Fig. 3.23). The microstructure of MP-20 based composites 
sintered at 1600°C and 1650*^C show a homogeneous distribution of 
Zr02 particles throughout the equiaxed mullite grains (Fig. 3.24). 
A large volume fraction of pores are visible in the 
microstructures, after 1600°C sintering. Like MP-20 based 
composites, microstructure of MP-40 based composites, sintered at 
1650^0 show a homogeneous distribution of ZrO^ particles 
throughout the equiaxed mullite matrix (Fig. 3.25). 

From the EDX dot mapping of zirconium for MP-20 and MP-40 
based composites, sintered at 1650°C a homogeneous distribution of 
ZrO^ particles throughout the mullite matrix is also observed 
(Fig. 3.24 and 3.25). In some of the MP-20 based composites (>10 
vol% additives) Zr 02 agglomerates are visible. 
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Fig. 3.21 Variation of fracture toughness of MP-20 
mullite based composites (a) sint. temp. 
1650°C, (b) sint. temp. 1700®C. 
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Fig. 3.22 Variation of fracture 

muUite based composites (a) sint. temp. 

1650^C,(b) Sint. temp. 1700^C. 
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Fig. 3.23 Microstructure of MC Mullite Based Composites 
Containing 5 vol% Additive, Sintered at 16 
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iii) ZrO^-MgO-Y^Og additive 
a) 5 vol% b) 25 vol% 

Fig. 3 -24 Microstructures and EDX Dot Mappings of Zirconium 
for MP~20 Mullite Based Composites, Sintered at 
1650"C 
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i) ZtO^ additive 

a) 5 vol% t>) 25 vol% 


contd . 
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ii) Zr 02 -'Mg 0 additive 
a) 5 vol% b) 25 vol% 
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iii) Zr 02 -Mg 0 -y 203 additive 
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Fig. 3. 25 Microstructures and EDX Dot Mappyigs of Zir^n 

For MP-40 Mullite Based Composites, Sintered at 
1650°C ('D' in micrographs designate Zr0 2 Phase) 
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Table 3.4 shows the chemical composition of different oxides 
near the mullite grain boundary and at the ZrO„ grains as 

A 

designated in Fig. 3*25. The results do no doubt have appreciable 
error but they suffice to give a qualitative trend* With the 
increase in volume fraction of ZrO^ in the composites, the 
estimated values of ZrO^ after EDX analysis increases. So does 
the amount of other oxides viz. MgO and Since after 

communition the particle size of Zr 02 additive decreases, during 
EDX analysis it naturally analyses the spot for AI 2 O 2 and Si02 as 
well, giving a weighted value. 

Fractographic analysis of MC based composites (Fig 3.26, 
3.27) shows a homogeneous distribution of Zr02 particles 
throughout the elongated mullite matrix at either sintering 
temperature. However at higher sintering temperature (1700°C) 
microstructure becomes more homogeneous (Fig 3.27). From the 
quantitative microstructural analysis of fractographs (Fig 3.32, 
3.33) it is clear that mullite grain size increases with the 
increase in vol% additives with some scattering except for 
straight Zr 02 containing composites where the trend is reverse. 
Higher sintering temperature (1700°C) obviously increases the 
mullite grains size (Fig. 3.33). ZrO^ particle size also 
increases with the increase in vol% additives (Fig. 3.34). 

Fractographs of MP-20 (Fig 3.28, 3.29) and MP-40 (Fig 3.30, 

3.31) based composites show a homogeneous distribution of ZrO^ 
particles in the mullite matrix which is equiaxed in nature at 
either sintering temperature. At higher sintering temperature 
grain coarsening is also observed in some oases. Mullite gram 



Table 3.4 


: Chemical Composition of Oxides in ZrO^ Dispersoids in MassX in 
MP-40 Mullite Based Composites ( Sintered at 1650°C). 


At ZrO^ Grain 


At Mullite Grain 


5 Zr02 
10 ZrO^ 
15 Zr02 
20 Zr02 
25 ZrO., 


Mass% 


16.65 

24.08 

31.00 

37.47 


16.56 

87.65 

83.44 

85.17 

93.19 


17.02 

18.03 
26.90 


^ 2°3 


5 2r02-Mg0 3.89 

15 2r02-Mg0 11.95 79.38 0.44 

25 Zr02-Mg0 20.41 68.60 0.13 


8.79 0.20 
1.23 0.27 
4.92 0.56 


5 ZrO -MgO 3.26 
-^ 2°3 


0.53 0.23 0.21 


15 ZrO -MgO 10.15 70.55 0.20 6.81 3.46 0.42 0.96 

-Y2°3 


25 ZrO., -MgO 1 16.58 89.23 0.00 8.88 2.99 0.05 1.27 



95 







additive 

15 vol% c) 25 vol% 


5 vol% 





98 



Fiq. 3.28 SEM Fractoqraphs of "Jt?® "“^ij^tared^at'^ielo'c 
containing 15 vol% Additive, Sintered at 1650 c 
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Fig. 3.32 Variation of mullite grain size in MC, MP-20 
and MP-40 mullite base composites. 

• MuUite-Zr02 (sintered at 1600“C) 

O Mul(ite-Zr02 (sintered at 1650°C) 

A Mullite-Zr02 -MgO (sintered at 1650°C) 

□ Mullite-Zr02-Mg0-Y203 (sintered at 1650°C) 
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Fig.3.33 Variation of mullite grain size in MC, MP-20 
and MP-40 mullite based composites 
sintered at 1700°C. 
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Fig. 3.34 Variation of ZrOi grain size in MC, MP-20 
and MP-40 mullite based composites. 

• Mullite -Zr02 (sintered at 1600“C) 

O Mullite -ZrOa (sintered at 1650°C) 

A Mullite -Zr02 -MgO (sintered at 1650“C) 
o Mullite -Zr02 -Mg 0 -Y 203 (sintered at 1650°C) 
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size remains almost same with the increase in vol% additives at 
either sintering temperature with the exception for MP-40 based 
composites, sintered at 1650°C where grain size increases with 
the increase in vol% additives (Fig 3.32, 3.33). Like MC based 

composites, increase in sintering temperature increases the 
grain size. ^^^2 P^i^'ticle size also increases with the 
increase in vol% additives in the composites (Fig. 3.34). The 
scattering in the result is ±3.00 urn for fused mullite grains and 
+ 0.67 nm for sol- gel mullite grains. It is + 0.77 urn and +0.43 
#im for 2 r 02 particles in fused and sol— gel based composites 
respectively . 

Ill 4.5 X-ray Diffraction Analysis 

From the X-ray diffraction analysis (Fig 3.35, 3.36, 3.37) it 
is clear that fractional tetragonal Zr 02 (f^) decreases with the 
increase in vol% additive irrespective of the type of mullite 
powders with the exception for MP-20 based composites, sintered at 
1650°C, where f^ for MgO and MgO-Y^O^ stabilized ZrO^containing 
composites show a minimum at a particular composition. f^ also 
decreases with increase in sintering temperature. Among all the 
composites, MgO-Y^O^ stabilized ZrO^ containing composites show 
highest values and straight ZrO^ containing ones show lowest 
values at either sintering temperature with the exception for MC 
based composites, sintered at 1700°C where MgO stabilized Zr02 
containing composites show highest f^ values. However no cubic 
Zr 02 is detected in any of the composites. 
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Fig. 3.35 Variation of fractional tetragonal ZrOa in 

MC mullite based composites (a) sint.temp. 
1650°C, (b) sint.temp. 1700°C. 
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Fig. 3.36 Variation of fractional tetragonal Zr02 in 
MP-20 mullite based composites 

• _ t 1 . r-irkf +^mn 1700 P 
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Fig. 3.37 Variation of fractional tetragonal Zr02 in 
MP-40 mullite based composites ^ 
fn'i c;int tpmo 1fi50°C. (b) Sint. temp. 1700 C. 
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III 4.6 Dielectric Constant 

Dielectric constant values (k' ) for all the composites 
significantly increase with the increase in vol% additive at 
either sintering temperature (Fig. 3.38, 3.39, 3.40). The higher 
sintering temperature (1700°C) always show higher k' values than 
the 1650°C sintering. The absolute values for MP-40 based 
sintered composites are higher than for either MC or MP-20 based 
ones. Straight Zr02 containing composites always show highest k' 
values irrespective of the type of mullite powders at either 
sintering temperature, while the MgO stabilized Zr02 containing 
ones show lowest k' values. 

Ill 4.7 Thermal Shock Resistance 

Thermal shock resistance (AT) values for all the composites 
increase with the increase in sintering temperature from 1650°C to 
1700®C with some scattering in the results(Fig. 3.41, 3.42, 3.43). 
In terms of absolute values MP-20 based composites sintered at 
1700"c show highest AT values among all the composites. 
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Fig. 3.39 Variation of dielectric constant of MP-20 
mullite based composites 
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Fig. 3.40 Variation of dielectric constant of MP--40 
mullite based composites 

c-jof fomn ifiRO^C. (b) sint. temp, 1700 °C. 
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Fig. 3.41 Variation of thermal shock resistance of MC 
mullite based composites. 
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Fig. 3.42 Variation of thermal shock resistance of MP'-20 
muUite based composites. 
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Fig. 3.43 Variation of thermal shock resistance of MP--40 
mullite based composites. 
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CHAPTER IV 


DISCUSSION 

IV. 1 SINTERED MULLITES 

Mullite (SAl^O^ . 2Si02) is a solid solution of Al^O^and 
Si02containing 71.8% AI 2 O 2 and 28.2% Si02. The solid solution 
ranges from 3Al202.2Si02 to 2 Al 202 .Si 02 and melts incongruently at 
1828“c. Sintering and mechanical properties of mullite are very 
much dependent on its composition. The presence of impurities 
affects the sintering behaviour of this ceramic. 

Sintering of mullite occurs mainly through solid-state 
sintering, where the driving force for densif ication is the 
lowering of the surface free energy by the elimination of 
solid-vapour interfaces. This usually takes place with the 
coincidental formation of new but lower-energy solid-solid 
interfaces. On a microscopic scale, the material transport is 
affected by the change in the free energy across a curved surface. 
If the particle size is small, these effects may be of a 
substantial magnitude. That is why finer particles sinter more 
rapidly than the coarser ones. On the other hand presence of 
small amount of impurities such as alkalies, Fe 202 , Ti 02 , etc. 

which are often present in the starting mullite powder may lead to 
the formation of liquid phase during sintering. The amount and 
viscosity of this liquid phase are important for liquid phase 
sintering. Iron oxide and alkali impurities are known to have 
detrimental effects on the final products. They show tendency to 
demullitization at higher temperatures (1700 C ) [7]. 

Higher sinter porosity (26%) of MC mullite than either MP-20 
or MP-40 mullite (Table 3.1) reveals lower sinterability of fused 



roullite (MC) over the sol-gel ones. This is due to the relatively 
larger particle size and as well as higher AI 2 O 2 content of MC 
mullite as compared to MP-20 or MP-40 mullite (Section II. 1.1). 
This is in accordance with the findings of Sacks and Pask [ 8 ], who 
reported lower sinterability for higher AI 2 O 3 containing mullite 
than for the lower AI 2 O 2 containing one. Present findings confiirm 
that the sinterability increases with the increase in sintering 
temperature from 1650 to 1700“c, with the exception for MC mullite > 
where sintered density remains same at either sintering 
temperature (Table 3.1). This may be attributed to the grain 
coarsening (Table 3.1, Fig. 3.3a) at higher sintering temperature, 
1700*^C.The stoichiometric mullite (MP-20) shows higher r 
densif ication at lower sintering temperature (1650°C) than the , 
MP-40 mullite due to its relatively lower particle size and lower 
AI 2 O 2 content. However, the presence of lowest sintered porosity^ 
of MP-40 mullite after 1700'’c sintering is not very clear. This*' 
may be due to the presence of Ti 02 impurity in MP-40 mullite which 
reacts with equal amount of excess AI 2 O 2 to from Al 2 TiOg [34]-: -1 

Al.,TiO,, forms an eutectic at 1705-1715°C with TiO_ [84]. In the 
present investigation, there is a likelihood to form transient ^ 
liquid phase during sintering (1700°C) leading to higher 
densif ication than MP-20 mullite which does not contain any Ti 02 . 

Literatures [4,5,79] have confirmed the existence of 
interlocked needle shaped mullite grains in presence of some 
extraneous liquid phase. However, Mazdiyasni [1] reported such 
type of grain morphology even in the absence of liquid phase. 
Elongated grains of MC mullite (Fig. 3.1a) observed in the present 
investigation may be attributed to the presence of liquid phase 



during sintering because of the relatively high impurity content 
(2%) . Unlike MC mullite MP~20 and MP-40 mullites show equiaxed 
microstructures (Fig. 3.1), confirming solid-state sintering. 

Increase in transverse rupture strength (TRS) and fracture 
toughness with the increase in sintering temperature in all types 
of investigated mullites is due to the attainment of higher 
sintered density at higher sintering temperature with the 
exception for MC mullite (Table 3.1), where sintered porosity 
remains same. In absolute magnitude MP-20 mullite gives highest 
TRS and Kji^values among all the types of mullites investigated due 
to its smallest starting particle size. Lowest values for MC 
mullite is because of its largest starting particle size (Section 
II. 1.1) and highest sintered porosity (Table 3.1) among all types 
of mullites investigated. A relatively higher TRS and values 

after 1700°C sintering without any associated change in sintered 
porosity in case of MC mullite may be attributed to more 

homogeneous resultant structure. 

Dielectric constant (k' ) values obtained in the present 
investigation show a direct correlation with the sintered density, 
such that an increase in sintered density enhances the dielectric 
constant (Table 3.1). In absolute values the k' is lowest for MC 
mullite, because of its highest sintered porosity. Unlike MC 
mullite, k' values for either MP-20 or MP-40 mullite increase with 
the increase in sintering temperature. This is in accordance with 
the findings of Perry [4]. ^^2^3 higher k' values ( 8.6 

10.55) than either Si 02 (3.78) or pure mullite (6.60). MP-40 

mullite, therefore, shows higher k' values than MP-20 mullite. MC 
mullite also contains higher AI 2 O 3 than either MP-20 or MP-40 



mullites, but lower sintered density is the main barrier in 
achieving higher k' values. 

The increase in thermal shock resistance with the increase in 
sintering temperature may be attributed to the increase in 
sintered density. Alumina is known to have relatively lower 
thermal expansion coefficient (7.2-8. 6 xlo“®/K) than Si 02 (12.3 - 
21.0 xlO ^/K) . Thermal shock resistance (AT) of higher AI 2 O 2 
containing mullite i.e. MP-40, therefore, shows higher values than 
for MP-20. In case of MC mullite, although containing higher 
AI 2 O 2 than MP-40, a lower sintered density appears to be 
responsible for the lower AT values. 

IV. 2 SINTERED MULLITE-Zr02 COMPOSITES THROUGH DIFFERENT 
ROUTES 

The sintered properties of mullite - Zr 02 composites prepared 
from fused (MC)/sol-gel (MP-20) mullite, and reaction sintering 
route (RSMZ) are discussed in this section. The properties of 


such composites 

are given in 

Table 3.2. 

Coming 

to the 

densification of 

mullite - Zr 02 

composites. 

occurring 

through 


solid-state sintering, it is found that the densif ication at any 
sintering temperature increases in the order of MC -> RSMZ -4 MP-20. 
All the starting powders used for preparing the composites contain 
some impurities such as CaO, Na 20 , K 2 O, Fe 202 , etc. The presence 
of small amount of liquid phase, during sintering originated 
because of such impurities, therefore, cannot be ruled out [79] as 
discussed in section IV. 1. The lowest densif ication of MC mullite 
based composite may be due to the relatively larger particle size 
[Section II. 1.1] of the precursor material. As the starting 
particle size of MP-20 mullite based composites is lowest [Section 



II. 1.1] among others, its based composites naturally density to 
the maximum level, in case of RSMZ route densif ication starts 
before decomposition of zircon occurs [22]. Later on zircon 
dissociates into ZrO^ and Si 02 leading to dedensif ication. Si 02 , 
so formed traverses to the nearest AI 2 O 3 particle to form mullite 
[22] leading to redensification. At the relatively lower sintering 
temperature, i.e. 1650°C, newly formed mullite grains, therefore, 
do not get sufficiently densif ied (Table 3.2). 

As regards, mechanical properties, the role of fractional 
tetragonal Zr 02 is found to be an important factor. It is well 
known that the tetragonal Zr 02 (t - Zr 02 ) helps to toughen the 
ceramics by its martensitic transformation to monoclinic ZrO_ 

A 

(m-Zr 02 ) [80]. Zr 02 particles greater than a critical size (l/xni) 
are known to lead to a spontaneous transformation of tetragonal to 
the monoclinic structure [81] during post-sintering cooling. 
Decrease in tetragonal Zr 02 fraction of all the composites with 
the increase in sintering temperature (Table 3.2) irrespective of 
the processing routes may be due to the aforesaid feature of the 
probability of increase in Zr 02 particle size. Such a decrease 
(Table 3.2) manifests in lowering in the mechanical properties of 
the composites. Other factors like densif ication, microstructural 
homogeneity, etc. also play their roles in controlling the 
mechanical properties of the composites. 

It is seen from the present results (Table 3.2) that 
transverse rupture strength (TRS) values of the composites 
increase in the order of RSMZ MC -> MP-20. In MC mullite based 
composite the increase in TRS after 1700°C sintering can be 
attributed to a more homogeneous microstructure (Fig. 3.6 and 



The increase in fracture toughness with the increase in 
sintering temperature can be predominantly attributed to the 
microcrack toughening mechanism. Spontaneous transformation of 
t-Zr 02 to m-Zr 02 during post sintering cooling and release of 
strain caused by the coefficient of thermal expansion mismatch 
between mullite (5. 7x10” and 2rO^ (8.0 - 10.6 xlO ^/K) are 
responsible for microcracking [27]. 

Microcracking in ceramic systems has a beneficial effect on 
fracture toughness with the result the of the composites 
increases with the increase in sintering temperature. The 
existence of a mullite - solid-solution region at the matrix 
particle interface as observed by Osendi et al. [29] is also to be 
taken into account, which would increase values. They 
reported a significant solid solution formation of mullite in Zr 02 
which was measured by energy dispersive X-ray spectroscopy using 
transmission electron microscopy. Since the solid solution region 
is assumed to be a dissipation energy region it avoids the crack 
propagation and, hence, leading to higher toughness (Table 3.2) of 
the composites. A comparison of the literature data [66,67] for 
the reaction sintered route of similar powder characters as ours 
shows that values obtained presently (Table 3.2) is higher 
(2.52 MPa.m^'^^) ; although our sintered samples were more porous 
(21% porosity) . 

Coming to the dielectric constant (k' ) , it can be explained 
that the highest k' values for MP-20 mullite based composites 
among all types is due to the fine grain size of mullite matrix 
and the lower sintered porosity (Table 3.2). An increase in 
sintering temperature in case of any preparation route invariably 



raises the k' values because of better densification. In case of 
MC mullite based composites, the increase in k' values with 
increased sintering temperature is mainly due to the better 
homogeneous microstructure (Fig. 3.6, 3.7) than due to any change 
in the sintered porosity. 

It is evident from the results (Table 3.2) that the change in 
preparation route has little effect on thermal shock resistance. 
The increase in thermal shock resistance for MP-20 and RSMZ based 
composites with the increase in sintering temperature is 
attributed to higher densification of the composites. In the case 
of MC mullite based composites, although the sintered porosity is 
constant with the change in the sintering temperature, the 
formation of mullite-Zr 02 solid-solution at the grain boundary at 
higher sintering temperature appears to arrest the crack 
propagation during thermal shock. 

Unlike MC mullite (fused) based composites, fused mullite-38 
vol% Zr02 composite shows inferior sintered properties (Table 3.3) 
because of its larger particle size of the starting prealloyed 
powder . 

IV. 3 EFFECTS OF Zr02 OR ITS MODIFIED FORMS’ ADDITION OH 
SINTERED PROPERTIES OF MULLITES 

Sintering behaviour of mullite Zr02 composites containing 
varying volume fractions of additives prepared from fused (MC) or 
sol-gel (MP-20 and MP-40) mullite powders, and their properties 
with respect to temperature are discussed in this section. The 
role of stabilizing oxides (MgO and ^ 2 ©^) in Zr02, on sintering of 
composites is also discussed. 
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IV. 3. 1 Densification Behaviour 

Mullite - ZrO^ composites mainly density through solid-state 
sintering. The ZrO^ powders in the present investigation contain 
0.25 to 0.37% oxide impurities such as Na20, K 2 O, ^©2^3' 
(Section II. 1). Mullite powders also contain some impurities 
which are highest (2%) in the case of MC mullite. Small amount of 
liquid phase formation, as a result of these impurities, during 
sintering, therefore, is enevitable [79], The decrease in 

sintered porosity for MC mullite (Fig. 3.13) with the increase in 
vol% additive as well as sintering temperature confirms the 
increased sinterability of the composites. This sinterability 
increases in the order of Zr 02 -> Zr 02 -Mg 0 -> Zr 02 “Mg 0 -Y 202 
addition. Zr02 additives retard the grain growth of mullite (Fig. 
3.32, 3.33 top) and promotes densification, which supports the 

findings of Prochazka et al. [82]. Leriche [63] showed that 

unlike straight Zr02 containing composites, MgO modified Zr02 
containing ones exhibit the presence of intergranular glassy phase 
which favours the grain growth of mullite matrix. Ismail et al. 
[5] also reported the mullite grain growth in the presence of 
liquid phase. Such a feature in the present study in presence of 
MgO and Mg0-Y202 modified Zr02 may be due to the aforesaid reason. 
The present findings also confirm the enhanced sinterability of 
MgO and Mg0-Y202 containing composites (Fig. 3.13) as compared to 
straight Zr 02 containing ones possibly due to the presence of 
intergranular liquid phase. A unique feature in this type of 
composites is the elongated nature of mullite grains as evidenced 
in Fig. 3.23, 3.26, 3.27. This may be because of higher amount of 
oxide impurities (2%) in MC mullite powders than in either MP-20 
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or MP-40 mullite. Furthermore, the decrease in the total sintered 
porosity with the increase in vol% additive may be due to the 
filling up of large voids of mullite grains by the relatively 
small particle size additive powders. 

Coming to the composites prepared from MP-20 mullite, 
enhanced densif ication due to formation of liquid phase is not so 
prominent as in case of MC mullite based composites, because of 
the less amount of impurities in such mullites. As a result no 
regular trend of increase in densification with increase in vol% 
additive (Fig. 3.14) is obse 2 rved. In case of composites sintered 
at 1650°C enhanced densification is observed upto 10 vol% additive 
(Fig. 3.14). Higher amount of additives lead to coarsening of 
Zr02 particles (Fig. 3.24) causing poor densification. This may 
be due to the decreased Zr 02 -Zr 02 interparticle spacing and the 
increased chances of Zr 02 particles touching each other, leading 
to particle growth [83]. In case of MgO/Y202 modified Zr02 
containing composites, unlike straight Zr 02 containing ones the 
matrix grains at higher vol% additives are elongated (1/d = 2.8), 
which may be due to the possibility of enhanced liquid phase 
during sintering [5,63]. However, increased sintering temperature 
(1700°C) shows adverse effect on sinterability (Fig. 3.14) which 
may be associated to the grain growth of both mullite and Zr 02 
particles (Fig. 3.32-3.34). 

MP-40 mullite based composites sintered at 1650°C,like MC 
based ones show increased densification with the increase in vol% 
additive. This is because of the enhanced densification as stated 
earlier. The enhancement of densification with addition of 
MgO/Y 202 modified Zr 02 in the composites supports the findings of 
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Yuan et al. [32] and Leriche [63]. Higher amounts of 
densif ication for MgO-Y 202 modified composites is due to the 
combined effect of MgO and ^20^ in enhancing the sinterability. 
An increase in the sintering temperature has not much effect on 
sinterability (Fig. 3.15) which may be due to the coarsening of 
mullite grains as well as Zr02 particles (Fig. 3.32-3.34). 

In conclusion sol-gel mullite based composites density better 
than fused mullite based ones, because of smaller starting 
particle size of the former powders. 

IV. 3. 2 Mechanical Properties 

In influencing the mechanical properties of mullite-Zr02 
composites, the fractional tetragonal Zr 02 (t-Zr 02 ) plays an 
important factor. Under the effect of stress tetragonal-Zr02 
transforms into monoclinic form leading to increase in mechanical 
properties [80] . This has been discussed in detail in section 
IV. 2. The decrease in t-Zr02 with the increase in vol% additive, 
(Fig. 3.35-3.37) leads to a spontaneous transformation of t-Zr02 
to m-Zr 02 [81] during post sintering cooling because of its 
increased particle size above a critical value. In the present 
investigation such sizes of Zr 02 particles (>1 /nm) are observed 
(Fig. 3.26-3.31). At higher sintering temperature (1700''c) the 
decreasing trend of t-Zr 02 with increasing vol% additives is more 
pronounced than at 1650°C sintering, because of higher chances of 
ZrO_ particle coarsening above the critical level. Other than the 

4M 

critical Zr02 particle size factor, stabilizing agents viz. MgO 
and Y 2 O 2 help in retaining t-Zr 02 after post sintering cooling 
[80]. As a result, in MgO/Y202 modified Zr02 containing 
composites higher fraction of t-Zr 02 is observed than in the 
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straight containing ones (Fig. 3.35 - 3.37). Highest amount 
of fractional tetragonal phase in Mg0-Y-0_ modified ZrO- 
containing composites, irrespective of the types of mullite 
powders at either sintering temperature, is due to the combined 
stabilizing effect of both the oxides i.e. MgO and 

Coming to the transverse rupture strength of the composites, 
the marginal increase in TRS in case of MC mullite based 
composites (Fig. 3.16) at either sintering temperature appears to 
be dictated predominantly by the enhanced dens ificat ion as 
otherwise one normally expects a fall in strength with decrease in 
t-ZrO^ fraction. Increased sintering temperature (1700°C) , 
obviously leads to the higher values of TRS owing to the higher 
densif ication (Fig. 3.13). The varying roles of MgO and ^20^ in 
modifying Zr 02 is not clearly reflected in the property, probably 
due to the fact that powder characters of modified Zr 02 are 
different than that of unmodified Zr02 (Section II. 1). 

Apart from the strengthening due to the dispersioids, the 
increase in TRS of MP-20 based composites with the initial 
increase in vol% additive (Fig. 3.17, 3.18) may be attributed to 
the associated stress -induced transformable t-Zr 02 in the 
composites [27]. At a still higher vol% additives (beyond the 
maximum in the plot) , the size of Zr 02 particles in the sintered 
composites increases (Fig. 3.29), because of the increased chances 
of their coarsening [83]. Coarsening of Zr02 particles above a 
critical level [81] and extensive microcracking [27] as discussed 
in section IV. 2 result in reduced transverse rupture strength. An 
increase in the sintering temperature from 1650°C to 1700°C 
increases the TRS values because of the increased densif ication. 



132 


albeit with some scatter. 

MP~40 mullite based composites sintered at 1700°C show 
identical trend similar to MP— 20 based ones and hence same type of 
arguments are also applicable here. The increase in TRS values 
with the increase in vol% additive for the composites sintered at 
1650°C is mainly linked to the increased sinterability of the 
composites (Fig. 3.15). 

In absolute magnitude, the TRS values are lowest in MC 
mullite based composites due to its largest matrix grain size and 
% total porosity. Again owing to the lower starting particle 
size, MP-20 mullite based composites show higher values of TRS 
than MP-40 based ones. Even a slight change in the composition of 
stoichiometric mullite (Al202/Si02 = 1.5) powder (MP-20) to 
alumina rich side i.e., MP-40 mullite (Al202/Si02 = 1.51) shows a 
specific trend of increased TRS in the order of ZrO2-Mg0 
->Zr02-Mg0-Y202 additives at either sintering temperature. This 
confirms the increased stabilizing effect of MgO and MgO-Y202 
(Fig. 3.37) in Zr02, which supports the findings of Yuan et al. 
[32] and Leriche [63]. 

It is well known in mullite matrix systems that fracture 
toughness (Kj^) is not dependent on their grain size, but is 
controlled by the size and structure of Zr 02 particles within the 
matrix [27]. Three types of toughening mechanisms would have 
contributed to the increase in fracture toughness. They are 
microcrack toughening caused by spontaneous transformation of Zr 02 
from tetragonal to monoclinic during post sintering cooling, crack 
deflection and stress induced transformation toughening of 
metastable t-Zr02. Microcracking and crack deflection being the 
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most predominant factors in the toughness of all the 
composites increases with the increase in vol% additive 
irrespective of the type of matrix powders (Fig. 3.20 - 3.22). 
The existence of a mullite— Zr02 solid solution region as observed 
by Osendi et al. [29] at the matrix/ZrO^ interface, discussed in 
section IV~2, would also increase the values. In the present 
investigation, the chemical analysis results of ZrO- near the 

A 

mullite grain boundaries (Table 3.4) qualitatively infers the 
existence of interdiffusivity of ZrO^ in mullite and vice versa 
leading to the formation of solid solution. Higher values for 
MgO and MgO-Y202 modified Zr02 containing composites than for 
straight Zr02 containing ones (MP-20 and MP-40 mullites) (Fig. 
3.21, 3.22) may be attributed to the crosslinked microstructure of 
mullite matrix [63] apart from the effect of transformable t-Zr02. 
This has also been noticed to some extent in the present 
investigation (Fig. 3.28-3.31). 

IV. 3. 3 Dielectric Constant 

Coming to dielectric constamt (k' ) , the increasing trend is 
due to combined effect of Zr 02 content having high dielectric 
constant of 12 (in contrast to pure mullite, k' = 6.6) and the 
enhanced densif ication. This is true for all types of presently 
selected mullite powders. In the case, where densif ication does 
not increase with vol% additives, the increase in dielectric 
constant can be attributed to the high dielectric constant of the 
additives themselves. Because of this, composites sintered at 
1700°C exhibit increase in dielectric constant (Fig. 3.40 bottom) 
despite lower densif ication (Fig. 3.15 bottom). The lowest k' 
values for MC mullite based composites are due to highest sintered 
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orosities (Fig. 3.13) and largest starting matrix particle size, 
ince dielectric constant of (8.60-10.55) is higher than 

hat of pure mullite (6.60), composite containing an excess 
lumina possesses higher dielectric constant. This is the reason 
hy MP-40 based composites have higher dielectric constants than 
P-20 based ones. MC mullite also contains higher ^^ 2^3 
P—40 one, but lower sintered porosities of this type of composite 
s the main barrier to achieve higher k' values [4] apart from the 
atrix grain size effect. 

V.3.4 Thermal Shock Resistance 

Thermal shock resulting due to inhomogeneous temperature 
istribution throughout the body, results into generation of 
trains and stresses which may cause cracking and failure. In 
eneral, cracking will be initiated when the maximum tensile 
hermal stress in the material reaches the fracture stress as 
leasured under conditions appropriate to the thermal shock in 
erms of temperature, environment, starting stress and dxiration of 
-tress . 

In ZjrO^ containing composites, it has been stated [85] that 
licrocracks produced durir^ the phase transformation of tetragonal 
JrO^ to monoclinic during thermal cycling interacts with the local 
stress field of the transforming particles and hence could be 
irrested. Hasselman [86] suggested that such microcracks would 
jropagate quasistatically in response to thermal stresses. In 
jther words, if there is a sufficient density of microcracks, they 
propagate in a stable fashion so that rather than a sudden 
reduction in strength, thermal shock would lead to only a gradual 
reduction in strength. 
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In the present investigation, the variation of thermal shock 
esistance is little influenced by the type of matrix and additive 
owders at either sintering temperatures (Fig. 3.41 — 3.43). This 
ay be due to the microcracks formed owing to the thermal 
xpansion coefficient mismatch between mullite (5.7x10 ^/K) and 
artially stabilized Zr02 (8 . 0-10. 6 x10"Vk) . In general an 
mproved thermal shock resistance of composites, sintered at 
igher temperature is attributed to better sinterability. 



CHAPTER V 


CONCLUSIONS 

From the investigations, carried out in the present study 
ollowing conclusions can be drawn: 

. Sinterability of electrofused mullite is lower than that of 
sol-gel mullites. Extraneous liquid phase leads to the 

elongated nature of mullite grains. 

. Transverse rupture strength and fracture toughness of 
mullites increase with increase in sintering temperature. 
Stoichiometric sol-gel mullite gives highest mechanical 
properties . 

Dielectric constant of mullites has a direct relation with 
sintered density, such that an increase in sintered density 
increases the dielectric constant. Higher AI 2 O 2 containing 
mullites give higher dielectric constant. 

i. Higher AI 2 O 2 containing mullites exhibit higher thermal shock 
resistance such that it increases in the order of MP-20 
MP-40 ^ MC mullites. 

>. Full reaction sintering of mullite- (25 vol%) Zr02 composite 
occours at 1700°C with homogenized microstructure. However, 
sintered properties of this composite is not better than 
sol-gel mullite based composite containing equal volume 
fraction of Zr 02 . 

6. Fused mullite- (38 vol%) Zr02 prealloyed composite shows 
inferior sintered properties as compared to fused MC mullite 
based composite. This is related to the larger particle size 
of the former powder. 
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7. Mullite-Zr02 composites mainly sinter through solid-state 

sintering mechanism. Some extraneous liquid phase due to the 
presence of oxide impurities, however, leads to enhanced 
densification being more pronounced in fused mullite based 
composites. MgO/Y 202 modified Zr 02 containing composites 
sinter better than unmodified Zr 02 containing ones. 

3. MgO containing mullite-Zr02 composites exhibit interlocked 

grain structure of mullite phase, which is not so in case of 
straight Zr02 addition. Mullite grain size increases with the 
increase in vol% additive and sintering temperature. 

9. Retention of tetragonal Zr02 after sintering decreases with 

the increase in vol% additive and sintering temperature. The 

relative content of this phase increases in the order of Zr 02 
-» Zr 02 -Mg 0 Zr 02 -Mg 0 -Y 202 additives in the composites. 

10. Transverse rupture strength (TRS) of fused mullite-Zr02 

composites increase marginally with the increase in vol% 
additives and sintering temperature. Sol-gel mullite based 
composites show maxima in TRS variation, which appears at 
different compositions for different additives with the 
exception for MP-40 mullite based one, sintered at 1650**C. 
MP-20 mullite based composites show highest TRS values. 

11. Fracture toughness mullite Zr02 composites increases 

with the increase in vol% additives. Microcrack toughening 
appears to be the main toughening mechanisms of such 
composites. Highest values are obtained for MP-20 

mullite based composites. 
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Fracture mode for mullite-Zr02 composites is mainly 
intergranular in nature. 

Dielectric constant (k') exhibits a direct relation with the 
sintered density of mullite-ZrO^ composites irrespective of 
the type of mullite powders, such that the values increase 
with the increase in sintered density. Lower grain size and 
higher AI 2 O 2 containing mullite matrix composites show higher 
values of dielectric constant. 

Different types of mullite and Zr02 powders appear to show 
little effect on thermal shock resistance. A higher 
sintering temperature (1700°C) does have a positive role in 
increasing the thermal shock resistance of the composites. 
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